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Capillary electrophoresis (CE) is an

electromigration-based separation technique that

emerged in the early 90s and has been evolving

AMINO ACIDS since then. Over recent decades, the association
CARBOHYDRATES of CE with new technologies and detections
strategies is enhancing its intrinsic mightiness.
Today, CE is a part of the main high-throughput
‘ urme  uwmmesmn  analytical platform used for medical-related
METABOLOMISS  applications, together with traditional gas

l /\A INORGANICS chromatography, high-performance liquid
|

ORGANICACIDS

ave chromatography, and fingerprinting spectroscopic
e methods. New strategies for assessing human
disorders involve a thorough analysis of bodily

PEPTIDES fluids through said instrumentation. In this context,

human urine is considered an excellent alternative,
for being rich in information and easily collected
with minimal inconvenience for the doners. Overall,
since itis an ultrafiltrate of the human bloodstream,
urine composition should be changed if any condition jeopardizes human homeostasis. Thus, monitoring
the levels of biomarkers in urine by an advantageous technique such as CE can be an interesting choice
for diagnostic and other clinical purposes. In this review, we will be commenting on the new tendencies and
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technologies applied to human urine analysis by CE over the last five years. We will be starting by
commenting the applications onto target groups of molecules followed by addressing the CE feasibility for
the determination of general chemical profiles through untargeted omics approaches, and finishing with
the perspectives on the subject.

Keywords: Human urine, Diagnosis, Capillary Electrophoresis, Quantitative methods, Metabolomics

INTRODUCTION

Urine is a rich bodily fluid explored by scientists and physicians as a source of information about human
health. It is a sterile, amber-colored solution generated by the kidneys as a result of ultrafiltration of our
bloodstream.'™ As being constituted of water-soluble waste products of metabolic process, over the last
four decades, more than 3000 metabolites have been defined in human urine. Basically, it is an aqueous
solution that contains high concentrations of urea, inorganic salts, creatinine, ammonia, organic acids,
proteins, peptides, enzymes, toxins, and other molecules."?4*¢

Variations in the concentrations of these substances and the emergence of other biochemicals can
occur due to several external and intrinsic factors. In addition, urine samples are noninvasively and easily
obtainable with minimal inconveniences for the donor and can be collected in large amounts. Therefore, it
is indeed a good mediator for monitoring human homeostasis and is considered an interesting specimen
for providing accurate and cost-effective diagnostic screening data for monitoring multi-systems infections
or multiple metabolic disorders."35

Concerning the analytical platform, if the aim is to detect variations in human biochemicals under
conditions of interest, robust instrumental and statistical methods are in need. For the analysis of urinary
metabolites (small molecules <1.5 kDa), reference protocols consider Nuclear Magnetic Resonance (NMR),
Gas Chromatography coupled with Mass Spectrometry (GC-MS), and Liquid Chromatography coupled
with Mass Spectrometry or tandem Mass Spectrometry (LC-MS and LC-MS/MS, respectively).>” Within
this context, Capillary Electrophoresis (CE) was introduced in this particular field as a complementary
separation technique. Back in 2006, Ramautar et al. commented in their review paper® that, at the time,
only a few authors applied this technique towards wide-ranging metabolite analysis, even though it was
created in the late 80s.2° Ten years later, CE became highly noticeable as an analytical choice for complex
biological samples and has been an interesting object of discussion of specialists.5%-12

CE, in a general way, is an electromigration separation technique based on the differential migration
of charged species through the application of an electric field into a pH-controlled electrolyte that fills
in a capillary tube.®*' From a comprehensive point-of-view, this electromigration technique provides
simultaneous analysis of neutral, solvated ions, and ionizable species. It is important to highlight that CE
present different modes with different separation potentialities. Within this context, for instance, when
neutral species are considered, together with ionic species, is possible to achieve successful separation
by using micellar electrokinetic chromatography (MEKC), microemulsion electrokinetic chromatography
(MEEKC), or capillary electrochromatography (CEC). In this sense, like the classical separation techniques,
CE offers high efficiency and precision with some additional advantageous features''® (Figure 1), which
makes it an excellent choice for the analysis of complex biological samples such as urine.
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Figure 1. Cycle diagram on capillary electrophoresis advantageous features for any field of application.

In this context, several CE specialists have already published a substantial series of papers discussing
the applicability of the technique to the analysis of complex samples considering omics-based approaches,
especially within the last ten years.5'%-'2 In this work, we will discuss these comprehensive strategies, as
well as the studies that explored the selectivity and versatility mightiness of CE for segmented analysis of
major structural chemicals of the human body. To be more thorough, we will be commenting on methods,
instrumentation, innovations, and perspectives of a compilation of studies focused on analyzing these
biomolecules that might indicate any human disorder (Figure 2). A selection of studies from the last 5 years
(2017-2021) was primarily considered, since a lot of compilations have already been published, aiming to
access the progress of this particular field.

LIPIDS

Figure 2. Schematic diagram of the main structural
biochemicals accessed in human urine focused on the

discussion of this review.
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Organic acids

The presence of organic acids (OAs) as intermediates or final products in a broad range of biochemical
metabolism pathways in the human body makes these compounds promising candidates for biomarkers
in the assessment of patients diagnosed with organic acidurias (Organic Acid Disorders, OADs).'":18
Considering all the different kinds of bodily fluids, urine is the matrix of best-choice for analysis of short-
chain OAs, since the concentration of these compounds in urine is considerably higher than in blood, in
addition to being an easier-to-collect biological fluid."® Thus, by accessing the urinary OAs, it is possible to
infer the diagnosis of several metabolic disorders since more than 250 OAs can be excreted in the urine.?°

For the specific determination of low-weighed OAs in urine, GC is the separation technique traditionally
used.?’ However, CE could be a good alternative for these analyzes, especially due to all the advantages
mentioned in the previous section. Studies dedicated to the use of capillary electrophoresis for targeted
analysis of carboxylic acids in human urine were compilated and will be discussed in this section.

Most authors describe different methods using CE for the determination of OA in human urine aiming to
figure out an auxiliary diagnosis method for OADs by identifying a specific metabolite. The enantiomers of D,
L-2-hydroxyglutaric acid (D, L-2-HG) were studied in the urine of children diagnosed with 2-hydroxyglutaric
aciduria by using a CE-ESI-MS/MS.?? The authors developed and validated a complete capillary filling
method (CFM) for each one of the enantiomers by using vancomycin chloride (VC) as a non-volatile
chiral selector. In the CFM technique, the sample is dissolved in the background electrolyte (BGE) and is
introduced into the capillary to fill it entirely.

The aforementioned strategy associated with the triple quadrupole (QqQ) MS/MS technology required
neither derivatization nor the addition of extra modifiers in the running BGE. Optimization steps were
necessary to avoid the possible adsorption of VC into the inner silica of the separation capillary and
specially to avoid the introduction of VC into the ESI. UV-VIS detection at 200 nm was the setup for the
determination of creatinine, used as normalization parameter for the concentration of OAs.?? Dual detection
(UV-MS) has been successfully used in several studies to monitor creatinine without matrix interference
and also without compromising the analytical frequency of the method, as highlighted by the authors.®

About that, a simple flow injection analysis (FIA) system with both capacitively coupled contactless
conductivity detector (C*D) and paired emitter detector diodes (PEDD) was applied for simultaneous and
direct quantification of urea and creatinine.?* All the analyses were carried out in a hybrid lab-made cost-
effective device built by coupling the proposed FIA system with a lab-made online gas diffusion (GD) unit
equipped with in-house C*D and PEDD detectors. With an analytical frequency of 31 samples per hour
for urea and 66 samples per hour for creatinine, they achieve a high-throughput method with statistic
metrics comparable to classical techniques. That study illustrates how similar methods considering C*D,
Laser-Induced Fluorescence (LIF), or any diode-based detectors or even lab-made simpler devices could
be a good alternative to quantify the urine major components used as normalization parameters for minor
molecules without jeopardizing the determination of the analytes.

Selective screening and determination of glutaric acid (GA), 3-methyl glutaric acid (3-CH,-GA), and
3-hydroxy-3-methyl glutaric acid (3-OH-3-CH_-GA) were the focused analytes for the diagnosis of different
glutaric acid acidurias. Using a CE coupled to a single quadrupole (Q) MS system, the three analytes
were quantified using a standard addition method through a selected ion monitoring (SIM) detection
mode, enhancing method selectivity. The optimized protocol was applied for examining urine from affected
newborns, as a result, the levels of OAs evaluated were found to be higher than what is considered normal
for this group.?®

Diode array detection (DAD) was used in a study dedicated to the determination of homogentisic acid
(HGA) in individuals diagnosed with alkaptonuria.?® The optimization process was carried out through a 24
two-level full factorial design (FFD) with the variable response to the resolution. A follow-up experimental
design was pursued to complete the resolution optimization. Through the optimized conditions, the higher
levels of HGA found in alkaptonuria patients were successfully confirmed. According to the authors, this
method has a better analytical frequency than similar analytical protocols.
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Another interesting approach using two capillaries with different internal diameters was thought out by
another research group for the analysis of orotic acid, a biomarker for inborn metabolic inconsistencies.?”
According to the authors, this approach can decrease separation times, so the analyte was detected by
UV within 2 minutes with no sample preparation. However, another study published in 1996 accomplished
a shorter migration time for the same analyte using Micellar Electrokinetic Chromatography (MEKC) with
reverse electroosmotic flow (EOF).22 On the other hand, the two-capillary setup could be an alternative to
be explored for other screening studies or for reducing migration time that already considers reverse EOF,
and/or when voltage can no longer be used to shorten time to avoid coelution.

Two distinct studies were dedicated to CE-C*D methods. Ethylmalonic acid was the target for the first
study whose aim was to validate a direct quantification method.?° The group achieved the separation within
4 minutes with a limit of quantification (LOQ) of about 0.5 mg L' which presented to be sensible enough
to analyze real samples with just dilution and filtration handling. A homemade C*D with a mini detection
cell was the center of a second study focused on the quantification of oxalate and citrate in random urine.
In this method, a solid-phase extraction (SPE) purification procedure was necessary to achieve good
efficiency with minimal matrix interference. The author reached a sensitivity of about 250 mg L™, pretty
remarkable when compared to similar studies, according to the authors.*

Overall, regarding the sample preparation, for the majority of the analysis just filtration and simple
dilution in deionized water were sufficient. It is a good aspect when we compare the protocol for analysis
of complex matrices by other separation techniques, which in general requires centrifugation, protein
precipitation, derivatization, among others. About the statistics and validation parameters, the evaluation
of the linearity of the calibration curves was based overall only on the value of the regression coefficient
(R?), an argument that is considered insufficient given the statistical significance of the adjusted regression
by the least-squares method.3'32

About the carboxylic acids themselves, we observe that this class has a wide range of carbonic chains,
so the method development is highly specific depending on the analyte feature. We believe that the best
way to start developing methods for OAs determination is to do so by deeply studying the ionization profile
of each molecule and the physical-chemical proprieties to choose the most propitious condition, since we
observe that the optimum ionization could be achieved anywhere within the pH scale and its structure
could enable the detection through UV, MS, C*D, LIF, etc. Table | summarizes the instrumental specifics of
all the studies aforementioned.
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Table I. Analytical methods applied to the analysis of organic acids in human urine samples by CE

L Sample Analytical . .
Analyte Application . CE experimental conditions Detector parameters Ref.
preparation platform
D, L-2-HG 2-Hydroxyglutaric Dilution and CZE-ESI-QqQ BGE: 50 mmol L"AA and 25 mmol L-"VC SHL: (50:49.5:0.5%, v/v/v) 22
aciduria filtration (pH 4.5). PAM coated capillary: 50 ym i.d. MeOH:H,0:NH,OH, 6 pL min™'. Capillary
and 60 cm total length. 150 mbar x 15 s, voltage: -25 kV. Drying gas: 200 °C, 10 L min™,
-25 kV, 25 °C. 10 psi. TIC; SRM (m/z 147.1 [M-H])
GA, 3-CH,-GA, Glutaric acid Filtration and CZE-ESI-Q BGE: 20 mmol L"AA, 10% MeOH (pH 9.1) SHL: 25% formic acid in 50% (v/v) 25
3-OH-3-CH,-GA acidurias dilution adjusted with ammonia 1 M. Fused-silica 2-propanol-water, 0.4 L min-'. Capillary
capillary, 75 ym i.d. and 100 cm total length.  voltage: 3.6 kV. Fragmentor voltage: 75 V.
30 mbar x 5s, -12 kV, 25 °C. Drying gas: 210 °C, 6 L min', 16 psi. SIM
mode [M-H]- m/z 131.1 (GA); m/z 145.1
(3-CH,-GA) and m/z 161.1 (3-OH-3-CH,-GA).
HGA Alkaptonuria Dilution and CZE-UV BGE: 45 mmol L' phosphate buffer (pH 7.0). 190 nm 26
filtration Fused silica capillary, 75 ymi.d. and 46 cm
effective length. 60 mbar x 6 s, 22 kV, 25 °C.
Orotic Acid Orotic Acidurias None CZE-UV BGE: 100 mmol L' phosphate buffer (pH 2.2). 214 nm 27
Fused silica capillary, 50 and 100 pmi.d. and 8.4
effective lengths. 50 mbar x 5 s, 5 kV, 25 °C.
Ethylmalonic acid Ethylmalonic Dilution and CZE-C*D BGE: 50 mmol L* MES and 0.13 mmol L~ 100% gain and -18 dB voltage. 29
aciduria filtration CTAB (pH 6.5) adjusted with Tris. Fused
silica capillary, 50 ym i.d. and 52 cm effective
length. 100 mbar x 10 s, -28 kV, 25 °C.
Oxalic and citric Random SPE purification CZE-DAD-C*‘D BGE: 10 mmol L"MES, 10 mmol L"'His, and  Excitation voltage, 20.8 V; oscillation 30

acids

and dilution

50 pmol L-"CTAB in 10% MeOH (pH 5.82).
Bare fused-silica capillary, 50 ymi.d., 40 cm
effective length to C*D detector, and 41.5 cm
to DAD detector window. 50 mbar x 10 s, -25
kV; 25 °C.

frequency: 29 kHz; gain, 100 times. DAD:
232 nm.

3-CH,-GA: 3-methyl glutaric acid; 3-OH-3-CH,-GA: 3-hydroxy-3-methyl glutaric acid; AA: ammonium acetate; BGE: background electrolyte; C*D: capacitively coupled contactless conductivity detector;
CTAB: hexadecyltrimethylammonium bromide; CZE: capillary zone electrophoresis; DAD: diode array detector; D, L-2-HG: D, L-2-hydroxyglutaric acid; ESI: electrospray ionization; GA: glutaric acid; His:
L-Histidine; i.d.: internal diameter; HGA: homogentisic acid; MeOH: methanol; MES: 2-(N-morpholino) ethane sulfonic acid; PAM: Polyacrylamide; Q: single-quadrupole mass spectrometer; QqQ: triple-
quadrupole mass spectrometer; SIM: selected ion monitoring; SHL: sheath liquid; SPE: solid-phase extraction; SRM: selected reaction monitoring; Tris: tris hydroxymethyl aminomethane; TIC: total ion
chromatogram; VC: vancomycin chloride; UV: ultraviolet.
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Inorganics

In normal human urine, there are cations such as sodium, potassium, ammonium, calcium, and
magnesium, besides anions such as chloride, sulfate, and phosphate.'* Those inorganic ions are an
important part of the human urine composition. The detection of any deviation from the standard level
of each one of them could be an indicator of diseases and organs dysfunction. For example, when the
bodily acid-base equilibrium needs to be restored as a result of an abnormal activity that has compromised
human homeostasis, the level of sodium salts and other ions effectively changes. Therefore, monitoring
the levels of inorganics in urine is a good way to access health-related conditions.®3%3%

This topic aims to show how CE has been used in the last 5 years for the analysis of inorganic ions
in urine. However, in this period only 3 articles were found, as most of the works addressing this topic
as innovative were published between 1987 and 2010. Thus, to better discuss the CE for the analysis of
inorganic ions in urine, the time of search has been increased to 10 years. We believe though, that given
the intrinsic capability of CE to analyze charged inorganic compounds, this technique could be a good
alternative and should be better explored.

The most recent publication is a 2019 study dedicated to simultaneously determining chloride, sulfate,
sulfite, nitrate, ammonium, potassium, sodium, calcium, magnesium, cyanide, and thiosulfate in urine.3®
By using CFM and C*D detection, they successfully separated all the ions within 80 s (Figure 3b). As
commented in the previous section, in the CFM method the samples are mixed with BGE and injected into
the capillary tube to fill it entirely. The capillary is then immersed in BGE at both ends, as is normally done,
and a negative voltage was applied, therefore, anions and cations move through the capillary in opposite
directions being detected at different times. Cations migrate from the positive electrode (anode) towards
the negative electrode (cathode) passing through the C*D detector whereas the anions migrate in the
opposite direction. The discontinuity in the signal separates the ions generating a raw electropherogram,
which is automatically translated by the detection system3® (Figure 3).

Raw
electropherogram
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Figure 3. Schematic overview of the CFM with C*D coupling (a) and resulting electropherograms of simultaneous
analysis of cations and anions (b). Migration time is expressed in seconds. Source: Yamamoto et al., 2019, https://
doi.org/10.2116/analsci.18P422 (free access)®.

Previously, the simultaneous determination of anions (sulfate, sulfite, and chloride) with remarkable
selectivity was achieved for another group by using strong acidic BGE under reverse polarity with direct
UV detection.®” They added a dual co-ion probe system containing 1,5-naphthalenedisulfonic acid
disodium salt hydrate (NDS) and 1,3(6,7)-naphthalenetrisulfonic acid trisodium salt hydrate (NTS) and
to the BGE to enable UV detection. Moreover, the samples were treated with formaldehyde to form a
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hydroxymethylsulfonate adduct (UV transparent) to prevent oxidation of sulfite to sulfate under ambient
conditions.¥”

In terms of detection mode, C*D, LIF, and both direct and indirect UV were the standouts for inorganic
ion determination by CE over the last ten years, with the latter being the differential of CE when compared
to other UV-coupled techniques. However, that was not the strategy adopted by the determination of
thiosulfate, analyzed for being a biomarker of exposure to hydrogen sulfide gas. As thiosulfate does not
have sufficient radiation absorption in the UV-Vis region, derivatization with 2-chloro-1-methylquinolinium
tetrafluoroborate (CMQT) at pH 2 was performed. The obtained product, 1-methyl-2-thioquinolone (MQT),
was then detected at 375 nm.® Cyanide, considered the center of a toxicological study, was also online
derivatized with naphthalene-2,3-dicarboxaldehyde (NDA) and a primary amine (glycine) to produce a
fluorescent derivative, which was then detected by the LIF detector.®®* As they used electrokinetically
injections via the flow gated mode, a limit of detection (LOD) of 4.0 nmol L' was achieved. In both studies,
the authors comment that the derivatization option, alongside the adopted CE mode strategies, has
shortened the total time of analysis.

Overall, Capillary Zone Electrophoresis (CZE) is the highlighted strategy, since charged inorganics
are the basic species for electromigration techniques, except for thiosulfate, which after derivatization a
neutral compound is obtained. Thus, MEKC was used for its separation utilizing sodium dodecyl sulfate
(SDS) as an anionic surfactant. This work also uses sweeping as an online pre-concentration procedure.
This technique adds additives to BGE, such as “partitioning of the analytes between the pseudo-stationary
phase and the surrounding phase which promotes separation of analytes from the matrix”.®

Since these species have low absorptivity, in general, indirect UV detection seems to be the best
option, considering that UV lamps are intrinsic to most CE equipment. Nevertheless, conductivity and
laser-induced approaches are also in hand for species such as inorganic ions. A general concern about
the analysis of ions in urine is sample handling. To eliminate matrix interferences and assess the free
ions, organic compounds might have to be discarded. Other than that, ionic strength correction might also
be considered to avoid problems during analysis and consequently underestimation or overestimation
of quantitative responses. The experimental information from the studies discussed in this section is
summarized in Table II.
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Table II. Analytical methods applied to the analysis of inorganic ions in human urine samples by CE
I . Analytical . "
Analyte Application Sample preparation platform CE experimental conditions Detector parameters Ref.
cr 80121_, SOE Random Diluted x 100 with water and 2 CZE-C*D BGE: 30 mmol L' malic acid, Low pass: 2 Hz. Frequency: 800 kHz. 36
NO:; NHF K* Na* times with double-concentrated 100 mmol L' DDAPS, 3 mmol L™ Amplitude: 70%. Headstage gain ON.
T BGE followed by PVDF membrane 18-crown-6-ether, and 18 mmol L™
M92+, ca?* filtration. His (pH 3.6). Fused silica capillary,
25 ym i.d., and 20 cm effective length
for cations, and 15 cm for anions.
3.45 kPa x 2 min 30 kV, 25 °C.
cr, 304—’ SOE Confirmatory Dilution in perchlorate (150 mmol L"), CZE-indirect-UV BGE: 5 mmol L'"NDS, 5 mmol L™ DAD: 214 nm 37
testing of cystic 2% (v/v) formaldehyde, and 20 mmol NTS in 0.4 mol L' formic acid (pH
fibrosis, sulfite L formic acid buffer (pH 2.6). Vortex 2.0). Uncoated fused silica capillary
oxidase deficiency, mixing. Centrifugation. 25 ym i.d. and 50 cm effective length.
urolithiasis, and 0.5psix 10 s; - 30 kV; 25 °C.
chronic/acute renal
failure.
Thiosulfate Biomarker for Derivatization with 0.2 mol L™ MEKC-sweeping-UV ~ BGE: 0.055 mol L' phosphate buffer =~ DAD: 375 nm 38
exposure to hydrogen phosphate buffer (pH 2) and CMQT. (pH 8), 0.035 mol L' SDS, and 25%
sulfide gas. Vortex mixing and centrifugation. ACN. Fused silica capillary tube 75
um i.d. and 51.5 cm effective length).
50 mbar x 30 s; + 20.5 k; 25 °C.
Cyanide Investigation of the Dilution with 15 mmol L-*NaOH and CZE-LIF BGE: 20 mmol L' tetraborate (pH LIF excitation (491 nm) and emission 39

effect of smoking.

derivatization with 8.0 mmol L' NDA
in DMF/water (50/50 v/v), 80.0 mmol
L glycines in BGE (pH 9.2), 5.0
mmol L""EDTA and KCN in BGE or
urine (95/5 v/v) by mixing at room
temperature.

9.2). Fused silica capillary, 10 ym i.d.
and 10 cm effective length. Reaction
capillary tube: 30 cm and 100 pm
i.d. Total flow rate for derivatization
reaction: 800 nL min'. -5kV x 0.5 s,
-23 kV; 25 °C.

(520 nm).

ACN: acetonitrile; BGE: background electrolyte; C*D: capacitively coupled contactless conductivity detector; CMQT: 2-chloro-1-methylquinolinium tetrafluoroborate; CZE: capillary
zone electrophoresis; DAD: diode array detector; DDAPS: N-dodecyl-N, N-dimethyl-3-ammonio-1-propanesulfonate; DMF: dimethylformamide; EDTA: ethylenediaminetetraacetic
acid; His: L-Histidine; i.d.: internal diameter; KCN: potassium cyanide; LIF: Laser-Induced Fluorescence; MEKC: micellar electrokinetic chromatography; NDA: naphthalene-2,3-
dicarboxaldehyde; NDS: 1,5-naphthalenedisulfonic acid disodium salt hydrate; NTS: 1,3(6,7)-naphthalenetrisulfonic acid trisodium salt hydrate; PVDF: polyvinylidene difluoride;
SDS: sodium dodecylsulfate; UV: ultravioleta.
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Carbohydrates

Carbohydrates are biomolecules made exclusively out of carbon, hydrogen, and oxygen with chains of
variable lengths and hydrogen-oxygen ratio at 2:1, obtained from an endogenous or exogenous source.*°
The presence of any of them in the urine may reflect dietary carbohydrate intake, but it may also be
an indicative of a carbohydrate metabolism disorder. Therefore, precise analysis methods are needed.
Carbohydrate analysis by CE, for separation and identification is very arduous,*' restricting the number of
articles on the subject. Therefore, for better comparative analysis the research range was expanded.

Galactose was the targeted analyte to develop a CE-LIF method to diagnose galactosemia. Although
there are several methods for diagnosis, they usually require blood as sample and take some time to
get to the results which are not always reliable. Through the application of the newly-developed method,
eight main carbohydrates were simultaneously separated, those being, maltose, lactose, D-mannose,
D-glucose, D-ribose, D-xylose, L-arabinose, and D-galactose, in that order of migration. The separation
method relies on the tendency of borate to form complexes with cis-oriented hydroxyl groups, allowing them
to be separated within 10 minutes, reducing the total analysis time by 30 minutes compared to standard
methods without it. Thus, according to the authors, the CE-LIF method has proved to be superior to other
techniques so far, as it is a fast and high-performance technique with less-invasive sample requirements.*?

CE-LIF was also the setup to determine urine oligosaccharide patterns. The biochemical screening of
oligosaccharides is traditionally done by thin-layer chromatography on silica gel plates. Thus, CE-LIF has
also provided a shorter analysis time and more sensible and selective analysis. However, the developed
method was still not capable of detecting nonreducing glycocompounds in urine, such as the ones
responsible for aspartylglucosaminuria or Schindler’s disease, which can be detected by ion-exchange
chromatography.*?

In a 2021 study, a technology that utilizes high-throughput single-domain antibody-based prostate-
specific antigen (PSA) selective capture, followed by preconcentration and capillary gel electrophoresis
(CGE) coupled to LIF was applied to high-resolution N-glycan profile determination in prostate cancer (PCa)
patients.** Basically, the urinary PSA is captured and then the N-glycans are enzymatically released for
free analysis. Due to this higher resolution of the method, which proved to be superior to those previously
validated, it allowed having a full panel of N-glycans. Since changes in the N-glycosome occur during
tumor genesis, they are essential biomarkers for the diagnosis of cancer.

In the 2014 study dedicated to the same analysis,* the diagnosis of PSA glycoforms was achieved
by a DNA-sequencer-assisted fluorophore-assisted carbohydrate electrophoresis technology, a pre-
established protocol*® that promoted an analysis considered at the time an improvement compared to
molecular techniques. The N-glycosylation profiling demonstrated differences between benign prostate
hyperplasia (BPH) and PCa. According to the authors, these changes were a promising discovery of new
biomarkers back then. Some progress has already been made, as the above-mentioned recent study, but
it is something that is still worth being thoroughly investigated.

CE-ESI-QTOF-MS system was another setup applied for carbohydrate analysis. According to the
authors and previously mentioned, carbohydrates are one of the hardest compounds to be separated and
structurally identified. Despite that, the micro-and nano-ESI ion sources improved the level of sensitivity of
the CE/ESI-MS, promoting higher analyte concentration, lower spraying potential, and closer positioning
of the sprayer to the orifice of the MS and significant improvement in ionic transfer the MS. They used a
copper-coated micro sprayer interface for online sheathless capillary electrophoresis electrospray that
promoted an excellent solution for the aggressive highly alkaline media required in the direct polarity
CE for separation of carbohydrates. Thus, their method allowed the analysis of a complex mixture of
O-glycosylated sialylated amino acids from urine, with the elution of disaccharide (Gal-Gal) in 3.94 minutes
and proved to be sensitive for a complex mixture of glycoconjugates.*'

A recent study evaluated the creatinine normalized urinary glycosaminoglycans (GAGs) content,
molecular weight distribution, and disaccharide composition through CE-ESI-Orbitrap.4” In addition, the
ten most abundant GAGs were obtained. The sheath liquid composition used was the same as BGE to
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provide reproducible separations and optimal spray stability, which allowed the detection and separation
of GAGs at low concentrations to determine various GAG compositions in urine. According to the authors,
GAGs profile of healthy individuals was obtained, however, a small number of nondiverse individuals was
examined, so they did not come to any definitive conclusion.

Overall, compared to the biomolecules discussed in the two previous sections, carbohydrates have
undoubtedly the most extensive sample preparation protocols so far, involving denaturation, derivatization,
purification, pre-concentration, and other massive handlings. These laborious preparations will may also
be considered for HPLC and other techniques given the complexity of these compounds. Alongside with
the difficulty in detecting these large molecules in simple CE operation modes, it may explain why CE has
not been considered. However, as commented before, a lot has been developing in the analytical platform
field, so the analysis of carbohydrates and large biochemicals might be an opportunity for innovation
and improvement of CE and the other traditional methods. The publications discussed in this section are
summarized in Table lIl.

Lipids

Lipids are a diverse group of biomolecules including fat, hormones, and fat-soluble compounds.*®
Belonging to the constitution of lipids, fatty acids (FAs) are aliphatic linear monocarboxylic acids with long
hydrocarbon chains, being a source of energy and the major components of triglycerides, phospholipids,
and cell membranes. Excessive levels of FAs can result from altered metabolism, gene expression and
as part of the production of biologically active substances, therefore, lipidurias are always a clinically
significant sign.*50-52

However, very few CE-based methods applied to lipid analysis exist in the literature, especially in urine.53
The same is true for the analysis of free FAs in biological samples. According to Poinsot et al. (2019)
from the instrumental perspective, the main obstacle for analyzing lipids remains their insolubility in water
and surfactant properties, where lipid-silica wall interaction is not rare.>* Even so, some attempts were
discussed in their review but only one study used urine as a sample, involving phospholipids investigation
by capillary electrochromatography (CEC) coupled to MS.%

Over the last five years, we found some studies that considered the analysis of steroids. Steroids
are polycyclic compounds that are naturally occurring or synthetic. Despite the fact that their structures
are different from other lipids, they are considered one of the major parts of the class.®® The detection
of steroids in urine means an overproduction of these biochemicals, which usually indicates metabolic
disorders, pregnancy, bone disease, or cancer.®’

Recently, a simple CZE-UV method was optimized for quantification of testosterone and epitestosterone,
its stereoisomer, considering that the ratio between them should be 1/1 in healthy people that never
taken the hormone. For human health in general, low levels of testosterone might cause depression,
osteoporosis, and fat increase.%® Methods such as this could be an alternative for monitoring the hormone
in urine. An interesting approach to steroid analysis considering the limitations above-mentioned together
with the absence of charge in these molecules was the development of a reverse-polarity sweeping (RP-
sweeping) method. The mechanism works through the suppression of EOF with acid, consequently, the
analytes are “swept” and attached to micelles migration towards the UV detector, in that case. The BGE
was optimized considering the impact of organic modifiers since surfactants had to be added to help
solubilize the analytes in water and so avoid its precipitation. After optimization and validation, the method
was applied to monitor five steroids simultaneously, mitotane and its main metabolite (DDA) (Figure 4) in
the urine of adrenocortical carcinoma patients under treatment.°
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Table lll. Analytical methods applied to the analysis of carbohydrates in human urine samples by CE

Analyte Application Sample preparation Analytical platform CE experimental conditions Detector parameters Ref.
Maltose, lactose, Galactosemia Double centrifugation followed by CE-LIF BGE: 130 mmol L' borate buffer at LIF excitation (488 nm) and 42
D-mannose, reductive amination*® and dilution. (pH 10.2). Fused silica capillary, 20 emission (520 nm).
D-glucose, um i.d. and 20 cm effective length.
D-ribose, D-xylose, 0.5psix5s, 25 kV.
L-arabinose, and
D-galactose
Oligosaccharide Screening of Pre-concentration followed by CE-LIF BGE: 25 mmol L' sodium acetate LIF excitation (488 nm). 43
oligosaccharidosis derivatization with 200 mmol L-* ATPS buffer with 0.4% of polyethylene
and related diseases in acetic acid and 1 mmol L' sodium oxide (pH 4.75). Neutrally coated
cyanoborohydride in THF. Dilution. N-CHO capillary, 50 ym i.d. and 50
cm effective length. 0.5 psi x 3 s,
30 kV, 20 °C.
N-glycan profile Prostate cancer Denaturation and digestion followed CGE-LIF HR-NCHO separation gel buffer in LIF excitation (488 nm) and 44
by derivatization with ATPS and a 40 cm and 20 cm effective length of emission (520 nm).
three-step resuspension. bare fused silica capillary tubes 50
cm and 30 cm total length, 50 pm
i.d. Three-step injection: 3.0 psix5 s
water, 1.0 kV x 1 s sample, 1.0kV x 1s
bracketing standard, 30 kV, 30 °C.
Gal, GalNAc, Schindler’s disease n. m. CE-ESI-QTOF BGE: 50 mmol L' AA with 32% ESI: - 1.2 kV. drying gas (80 °C, 41
GIcNAc, Man ammonia (pH 12.0). TSP fused-silica 5L h"), 40 V.
capillary, 50 ym i.d. 125 cm total
length. 0.5 psi x 8 s, 25 kV, 20 °C.
GAGs Random Vortex mixing is followed by CE-ESI-Orbitrap BGE: 50 mmol L' AAin 70% MeOH.  SHL: vide BGE. ESI: -1.9 kV. 47
lyophilization and purification. Cation-coated capillary. Two-step
injection: 950 mbar x 9 s sample and
10 mbar x 10 s BGE. -30 kV.
N-glycan profiles Prostate Cancer Desalination with 10 mmol L' AA Multi capillary Commercial BGE. Capillary array n. m. 45
(pH 5.0) and 40 mU Arthrobacter electrophoresis-based filled with polyacrylamide linear
ureafaciens-2,3/6/8-sialidase. sequencer polymer. 36 cm, 1.2 kV x 16 s, 15 kV,

60 °C.%

AA: ammonium acetate; APTS, 8-aminopyrene-1,3,6-trisulfonic acid; BGE: background electrolyte; CE: capillary electrophoresis; CGE: capillary gel electrophoresis; ESI:
electrospray ionization; GAGs: Glycosaminoglycans; Gal: galactose; GalNAc: N-acetyl galactosamine; GIcNAc: N-acetyl glucosamine; i.d.: internal diameter; LIF: Laser-Induced
Fluorescence; Man: mannose; MeOH: methanol; n. m.: not mentioned; QTOF: quadrupole time-of-flight mass spectrometer; SHL: sheath liquid; THF: tetrahydrofuran; TSP:

standard polyimide-coated capillary.

Dilution.
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Figure 4. Representative electropherograms of (A) spiked urine, (B) urine samples, and (C)
blank. At 248 nm are register the steroids (P, progesterone; E, epitestosterone; T, testosterone;
C1, corticosterone; C2, cortisol). At 200 nm M, mitotane and DDA (1,1-(o,p‘-dichlorodiphenyl)
acetic acid). [Reprinted with permission from: Pieckowski, M.; Kowalski, P.; Oledzka, I.; Miekus-Purwin,
N.; Plenis, A.; Roszkowska, A.; Baczek, T. Simultaneous determination of mitotane, its metabolite, and
five steroid hormones in urine samples by capillary electrophoresis using B-CD2SDS1 complexes as
hydrophobic compounds solubilizers. Electrophoresis 2021, 1-8. https://doi.org/10.1002/elps.202100250.
License granted by John Wiley and Sons, on February 14, 2022.]

Other methods employed for the analysis of liposoluble vitamins, steroids, and random lipids in a variety
of matrices are also discussed in the previously mentioned review.5 In fact, a few studies explored the
quantitation of these molecules in urine by CE or any other technique, so we believe there is an opportunity
to develop new reliable procedures to do so. Even though liposoluble species are minor in urine, that is
exactly why we should have more studies considering screening approaches for lipids and fatty acids, for
example, to investigate possible lipidurias, since the unexpected presence of a compound from this class
will probably indicate some health-related issue. The publications discussed in this section are summarized
in Table IV.
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Table IV. Analytical methods applied to the analysis of lipid structures in human urine samples by CE

Analyte Application Sample preparation Analytical platform CE experimental conditions Detector parameters Ref.
Testosterone and Random Hydrolysis with 1.0 mol L' CZE-UVv BGE: 15 mmol L' acetate buffer (pH 4.74). 242 nm 58
epistosterone acetate buffer (pH 5.15) and Fused silica capillary 75 ymi.d. 3.43 x 10° Pa

10000 U of B-glucuronidase. x 10's, 25 kV, 25 °C.

Centrifugation and SPE

purification.
Progesterone, Patients with Filtration, vortex mixing with acid  RP-sweeping-UV BGE: 100 mmol L' SDS, 25% ACN, 25 mmol 248 nm 59
testosterone, inoperable addition, precipitation, and resus- L, phosphate buffer (pH 2.5), and 7 mmol L'
epitestosterone, adrenocortical pension. B-cyclodextrin. Uncoated fused-silica capillary
cortisol, and carcinoma treated 75 pymi.d. 50 cm effective length, 0.5 psi x
corticosterone by mitotane 0.5s, -25kV, 25 °C.

administration.

Phospholipids Random Lyophilization and dissolution. CEC-ESI-MS-lonTrap BGE: 2-propanol/ACN/50 mmol L-* NH,OH SHL: 80:20 MeOH/water with 55
(60:30:10, v/v) (pH 9). OT-CEC column, 50 0.05% ammonium hydroxide
um, 30 cm. Injection via siphoning for 15 s at  at 500 nL min"' ESI: negative
10 cm height. 18 kV. mode, 2.2 kV.

ACN: acetonitrile; BGE: background electrolyte; CEC: capillary electrochromatography; CZE: capillary zone electrophoresis; ESI: electrospray ionization; i.d.: internal diameter; OT-
CEC: open tubular capillary electrophoresis; MS: mass spectrometry; RP: reverse-polarity; SHL: sheath liquid; SPE: solid-phase extraction; UV: ultraviolet.
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Amino Acids

Proteinogenic amino acids are the monomers that constitute peptides and proteins, represented by 20
compounds (Figure 5). Although non-protein amino acids do not participate in the protein composition,
they perform important functions in human metabolisms alongside proteinogenic amino acids, such as
being intermediaries in metabolic pathways and precursors in biomolecules syntheses (for example
hormones and neurotransmitters).®® Therefore, these compounds can be considered biomarkers for
medical applications, being an important subject to be studied to achieve suitable disease diagnosis and
monitoring, among further relevant health-related information. In this context, CE could be used for this
purpose, due to the advantages aforementioned.

Many articles were found talking about amino acid analysis. The most recent review published in 2021
reported the analysis of amino acids by CE over the last twenty years considering foods and medical
applications.®” Two others reviews brought the determination of nonprotein amino acids in biological
samples and foods,®? and analysis of amino acids and related compounds, both using CE technique.5®
Lastly, a series of ten reviews reported the developments of every two years on the analysis of amino acids
using CE, considering the detection technique, the type of application, some enantiomeric separations,
and instrumentation improvements.®"2 In this section, some studies involving the determination of amino
acids in human urine by CE produced in the last five years will be discussed.

0
\HL )‘L /\/\)I\ Y\I)k Y\[)\ OH HS /\[J'L
NH, NH, NH, OH NH,
[Ala] [Arg] [Asn] [Asp] [Cys]
0 o] 0 o) 0 0 o0
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Figure 5. The 20 proteinogenic amino acids: alanine (Ala), arginine (Arg), (Asn) asparagine (Asn),
aspartic acid (Asp), cysteine (Cys), glutamine (GIn), glutamic acid (Glu), glycine (Gly), histidine
(His), isoleucine (lle), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline
(Pro), serine (Ser), threonine (Thr), tryptophan (Trp), tyrosine (Tyr) and valine (Val).
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CE-UV methods were described by three research groups with different aims.”>7% In the first work,
Arg, Tyr, and another 9 neurochemicals related to sports fatigue in human urine were simultaneously
determined.” As being a neurotransmitter precursor, the amino acid Arg was the biomarker for sports
fatigue in athletes as determined by a simple CZE-UV method. The samples were collected at three
stages: under relaxation, before and after exercise. The authors affirm that this result can be applied to
validate metabolic indicators during exercise training.

In a second work, a CE-UV method for Cys and homocysteine (Hys) determination in human urine and
plasma was developed and the analytes were derivatized using 1,1’thiocarbonyldiimidazole followed by
the pre-concentration step, a chloroform-acetonitrile liquid-liquid extraction (LLE).”® Considering the good
analytical frequency of the optimized method, the derivatization procedure was better than using indirect
UV detection. Along with the new approach of pH-mediated stacking combined with field-amplified sample
stacking, the authors achieved a significative increase in sensitivity, reproducibility, plus, this clean-up
approach reduced the matrix influence. A dynamic coating with surfactants was necessary due to the
acid character of the derivatives that reverse the EOF towards the cathode, that is, the same direction
of analytes. So, a mixture of cation surfactant, hexadecyltrimethylammonium bromide (CTAB), and an
anionic surfactant, SDS, was used in the BGE system.

The third study describes a simple on-column derivatization CZE-UV method for the identification of
sarcosine (Sar) as a biomarker for PCa.” In this context, a metal-coded hydrogel magnetic molecularly
imprinted polymer (Hydro-MeC-MMIP) was coupled to an on-column derivatization CE to promote Sar
cleanup and preconcentration in human urine, and phthalic anhydride was used as a derivatization agent.
The MMIP showed high selectivity towards Sar and the on-column derivatization CE promoted a significant
peak resolution of the analyte and the other 12 amino acids analyzed simultaneously. The authors state
that the method was simple and low-cost for quantifying Sar in urine and to study its potential to be a
biomarker for PCa.

Clean-up procedures or derivatization steps in sample treatment were also employed in other studies
that used contact conductivity (CC)™ and LIF’” detectors. A microchip electrophoresis (MCE) method that
combines isotachophoresis (ITP), as sample clean-up, and CZE as separation mode, was developed for the
determination of Hys in urine, using CC detection.”® A solid-phase microextraction (SPME) pre-treatment
was necessary to remove chloride and sulfate before injection. The combination of these techniques
enhanced the trace quantification of Hys. The use of LIF detection was reported in a flow-gated MECK
method coupled to sample alternate injections for profile amino acids determination.”” The analytes were
treated through fluorogenic derivatization with NDA followed by dilution aiming to avoid detector saturation.
The amino acids were quantified by the one-point standard addition method and the results showed that
Gly and His concentration were higher than other analytes.

Changing the detector system, some authors introduced the use of MS with just dilution sample treatment.
A CE-MS method for the separation and quantification of 27 amino acids present in the urine of children
with vesicoureteral reflux was performed on an ion trap mass analyzer in positive ion mode.” The method
optimization was carried out considering the interface system, CE parameters, and MS conditions. A pH-
stacking procedure was used to increase sensitivity and injection volumes without affecting the resolution.
Except for Asp, Ala, Cys, lle, and citrulline (Cit), all other amino acids were successfully quantified in urine.
The authors stated that it is a promising approach for targeted analysis of amino acids.

Using an MS/MS system, 20 amino acids in the human urine of inflammatory bowel disease (IBD)
patients were determined through a positive ionization mode with no sample treatment.” As a result, there
were significant differences in concentrations of Gly, Val, Cys, GIn, Asn, His, and Arg between 10 healthy
individuals and 13 IBD patients under thiopurine treatment. When compared with a UHPLC-MS method,
the new approach has a favorable performance and is suitable for studying amino acids in urine considering
the advantages previously commented in the introduction section. In another study, a target analysis of
cardiovascular disease (CVDs) biomarkers candidates was performed by the CE-MS/MS method, aiming
at the determination of carnitine (Car) and trimethylamine-N-oxide in the urine of healthy individuals and
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infarcted patients. The authors demonstrate that the proposed method is considered efficient for the
targeted metabolomics of CVDs. Given the experimental cut-off, healthy individuals had smaller amounts
of Car, compared to those with CVDs.?

To improve the sample throughput, a multisegmented injection-capillary electrophoresis-mass
spectrometry (MSI-CE-MS) for target analysis of Phe in human urine and plasma was developed using
a TOF mass spectrometer in positive and negative ionization modes.® The samples were collected from
22 classic phenylketonuria (PKU) patients with different disease severity, ages, and dietary. The samples
were injected at 100 mbar for 5s between alternating spacer BGE for the 40s, depicting a 7-sample serial
injection. A comparative study between plasma and urine confirmed that Phe concentration in plasma was
strongly correlated with its concentration in urine, besides determining several metabolites associated with
poor adherence to Phe restricted diets, mostly present in older PKU patients. Within this context, urine
becomes a more convenient and non-invasive biological sample for detecting and monitoring the disease
in routine analysis. The publications discussed in this section are summarized in Table V.
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Table V. Analytical methods applied to the analysis of amino acids in human urine samples by CE

S Sample Analytical . -,
Analyte Application P . Yy CE experimental conditions Detector parameters Ref.
Preparation platform
Ala, Arg, Asn, Asp, Cys,  Vesicoureteral reflux Dilution CE-ESl-lonTrap BGE: 0.80 mol L' formic acid, 15% MeOH (pH 1.96); SHL: 0.50% formic acid in 60% (v/v) 78
GIn, Glu, Gly, His, lle, Uncoated fused-silica capillary: 50 uym i.d. and 85 cm total MeOH/H,0, 5 pL min'. + 4.5 kV, drying
Leu, Lys, Met, Phe, Pro, length. 0.5 psi x 9 s (12.5% NH,OH), 0.6 psi x 20 s (sample),  gas 200 °C, 5 L min™, 8 psig.
Ser, Thr, Trp, Tyr, Val, + 30 kV, 20 °C.
Car, Orn, Cit, GABA,
4Hyp
Cys, Hys Kidney diseases Derivatization and LLE CE-UV BGE: 0.1 mol L'" H,PO, with 30 mmol L' TEA (pH 2), 25 285 nm 75
pmol L' CTAB, 2.5 umol L' SDS, and 2.5% PEG-600 (v/v).
Undeactivated silica capillary: 50 uym i.d. 23.5 cm effective
length. -17 kV x 30 s (0.5 M KOH), 50 mbar x 45 s (sample),
-17 kV, 30 °C.
Ala, Arg, Asn, Asp, GIn, Random Fluorogenic Flow-gated-MECK-LIF BGE: 40 mmol L' tetraborate mol L' HP-3-CD. Capillary: 10 442 nm (excitation) 77
Glu, Gly, His, lle, Leu, derivatization and pm i.d., 10 cm effective length. -5 kV x 0.3 s, - 22 kV. 485 nm (emission)
Met, Phe, Ser, Thr, Trp, dilution
Tyr, Val, Tau
Hys Random Dilution and SPME MCE-ITP-CZE-CC BGE: n. m. (pH 9.8). PMMA microchip with coupled- n. m. 76
channels.
Car Cardiovascular PPT followed by dried CZE-ESI-QqQ BGE: 0.10 mol L' formic acid (pH 2.4). Fused-silica capillary: ~ SHL: (70:30, v/v) MeOH: H,0 with 0.05% 23
diseases extract solubilization and 50 ymi.d., 92 cm total length. 5000 Pa x 15 s, + 25 kV, 20 (v/v) formic acid, 5 yL min™'. +4.5 kV, drying
dilution. °C. gas (150 °C, 7 L min"'), 3 psi. SRM (Car m/z
162.1 — 43.3).
Arg, Tyr Sport fatigue Centrifugation and CE-UV BGE: 12.5 mmol L' Na,B,0, (pH 9.9). Uncoated silica 200 nm 73
dilution. capillary: 75 ym i.d., 365 um o.d., 50 cm effective length. 0.5
psix 20 s, + 25 kV, 25 °C.
Ala, Arg, Asn, Asp, Cys,  Inflammatory Bowel Dilution and filtration CZE-ESI-QqQ BGE: 500 mmol L' formic acid. Fused-silica capillary: 50 pm  SHL: (50:50, v/v) MeOH/H,0 with 5 mmol 79
GIn, Glu, Gly, His, lle, Disease i.d., 300 upm o.d., 90 cm total length. 50 mbar x 10 s, + 30 kV.  L" AA, 8 uL min', +4 kV, drying gas 300
Leu, Lys, Met, Phe, Pro, °C, 10.0 L min', 10 psi. MRM.
Ser, Thr, Trp, Tyr, Val
Phe Phenylketonuria Centrifugation and MSI-CE-ESI-TOF BGE (+): 1 mmol L formic acid, 15% ACN (pH 1.8). BGE SHL (+): 60% MeOH with 0.1% formic 80
dilution (-): 50 mmol L" ammonium bicarbonate (pH 8.5); Uncoated acid, 10 pL min". SHL (-): (50:50, v/v)
fuse-silica capillary: 50 ym i.d., 120 cm total length. 100 mbar MeOH:H,0. Drying gas 300 °C, 8.0 L min™',
x 5 s, between alternating spacer BGE 100 mbar x 40's, + 30 10 psi. Phe m/z 166.1.
kV; 25 °C.
Sar Prostate cancer Derivatization on-column CE-DAD BGE: 40 mmol L' borate buffer (pH 9.37). Fused-silica 200 nm 74

capillary: 75 uym i.d., 52.8 cm effective length. 1000 mbar x 2
min (NaOH 0.1 M), 1000 mbar x 2 min (water), 1000 mbar x
2 min (BGE), 40 mbar x 4 s (phthalic anhydride), 100 mbar x
5 (sample), +21 kV x 12 min (BGE), + 21 kV.

4Hyp: trans-4-hydroxyproline; AA: ammonium acetate; ACN: acetonitrile; BGE: background electrolyte; CC: contact conductivity; Car: carnosine; CE: capillary electrophoresis; Cit: citrulline; CTAB:
hexadecyltrimethylammonium bromide; CZE: capillary zone electrophoresis; DAD: diode array detector; ESI: electrospray ionization; GABA: y-aminobutyric acid; Hys: homocysteine; HP-B-CD:
hydroxypropyl-beta-cyclodextrin; i.d.: internal diameter; ITP: isotachophoresis; LIF: laser-induced fluorescence; LLE: liquid-liquid extraction; MCE: microchip electrophoresis; MEKC: micellar electrokinetic
chromatography; MeOH: metanol; MRM: multiple-reaction monitoring; MSI: multisegmented injection; n. m.: not mentioned; o.d.: outer diameter; Orn: ornithinemonohydrochloride; PEG: polyethylene
glycol; PMMA: poly(methylmethacrylate); PPT: protein precipitation treatment; QqQ: triple-quadrupole mass spectrometer; Sar: sarcosine; SPME: solid-phase microextraction; SDS: sodium dodecyl
sulfate; SHL: sheath liquid; SRM: selected reaction monitoring; Tau: taurine; TEA: triethanolamine; TOF: time-of-flight mass spectrometer; UV: ultraviolet.
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Peptides and Proteins

For basic contextualization, peptides are formed when two out of the twenty existing proteogenic amino
acids unite through a covalent bond (peptide bond), thereby forming a dipeptide. When these amino acids
form combinations with themselves in a characteristic linear sequence, it is considered a polypeptide. After
that, these polypeptide chains interact to generate larges biomolecules, the proteins. Some proteins could
contain two or more polypeptide chains, those being exclusive synthetized with amino acids or not, as the
case of conjugated proteins, constituted also by lipids, carbohydrates, and metals.8"#

Normally, the total volume of urine collected throughout one day for a healthy person may contain
approximately 150 mg of protein. Among them, albumin and immunoglobulin are in higher concentrations.
Through a variety of analytical routines, some scientists have found about 2000 proteins in human urine
over the years. Thus, it is well known that proteins are important biomarkers. For example, proteinuria is
primarily indicative of glomerular diseases and other kidney-related disturbers. Not only that, but even
cardiovascular diseases, cancerogenic activity, and viral infection can interfere with the normal levels of
proteins present in human urine.®

Despite being macromolecules, CE-MS can be considered a reliable setup for getting information
about intact proteins, such as protein quality and degradation products and pathways.® Therefore, a few
studies were published considering target approaches for peptides and proteins using CE. The analysis of
peptides and proteins in urine by CE has become more expressive over the last decade. In a few published
reviews are found insightful discussions about related works.®8 Concerning specific peptide analysis,
urinary peptides related to cardiovascular conditions® and chronic kidney diseases (CKD)?” and are being
vastly investigated through CE-MS as shown in the respective reviews.

About the recently-developed methods for dipeptides, concentrations of some free propyl compounds in
unhydrolyzed urine were found to be biomarkers for some collagen-associated diseases, like bone turnover
and osteoporosis.®® A flow-gated CE-LIF method was developed for the simultaneous determination of
six free prolyl peptides from collagen degradation, in particular, the prolyl hydroxyproline (Pro-Hyp) and
total 4-hydroxyproline (Hyp). The sample treatment was performed by blocking the primary amine, with
no cleanup step, followed by fluorogenic derivatization, which allowed a direct injection in a flow-gated
system. As highlighted by the authors, the analytical throughput was improved with the analytes separated
in 30 seconds, and the procedure proved to be suitable for rapid analyses of prolyl compounds.

For the analysis of free proteins, CE-MS was the chosen setup. Concerning PCa, two works focused
on detecting the PSA, as opposed to the recent study that analyzed the N-glycome freed from urinary
PSA,* discussed in the carbohydrates section. Aiming to investigate the profile of PSA proteoforms in
the urine sample, an intact protein assay by CE-ESI-MS/MS was performed.® The PSA was captured by
using anti-PSA beads with no further sample treatment. A total glycosylation profile was also appraised to
achieve some complementary information. This process was suitable to assess the intact protein (cleaved
PSA) and glycosylation profile in the same procedure, showing the relevance of the intact protein analysis
in a bottom-up approach.® In this context, another study employs an in-depth high-performance PSA
Glycomics Assay (PGA) by CE-MS in urine samples dedicated to identifying potential new biomarkers for
differentiating the levels of PCa (Figure 6).%°
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Figure 6. Representative electropherogram for a tryptic digest of PSA (A). Extracted ion
electropherograms (EIC) for monosialylated N-glycopeptides (B) and disialylated N-glycopeptides
(C). Glycopeptides are represented individually by each color. [Reprinted with permission from:
Kammeijer, G. S. M.; Nouta, J.; de La Rosette, J. J. M. C. H.; de Reijke, T. M.; Wuhrer, M. An In-Depth
Glycosylation Assay for Urinary Prostate-Specific Antigen. Anal. Chem. 2018, 90 (7), 4414—4421. https://
doi.org/10.1021/acs.analchem.7b04281 License granted by the American Chemical Society, on February
15, 2022. Further permission related to this figure should be directed to the ACS].

With a different approach, the PSA was captured from urine, followed by an in-solution digestions and
glycopeptides analysis. The results established multiple glycoforms of PSA, and the authors state, as
previously commented, that PSA glycosylation can be used as a diagnosis for PCa in the initial stage,
besides the differentiation of aggressive and nonaggressive disease.*

Untargeted analysis of peptides is also being pursued. Peptidomics is the analysis of all bioactive
peptide content within any organism, as proteomics is the study of protein alteration.82°' In this context, a
standardized peptide screening procedure was conducted according to ISO13485 yielding quality control
by using a P/ACE MDQ CE coupled to ESI-microTOF developed in the early 2000s, together with the
standardized urinary sample treatment involving dilution with urea, ammonium hydroxide, and SDS followed
by ultrafiltration, desalinization, and lyophilization. Finally, the resulting extract is resuspended with HPLC-
grade water before injection.®2-% Basically, this approach follows the traditional workflow of omics-based
analysis. After the definition of the biological problem that will be elucidated, the selected samples are
collected and treated according to the defined handling protocol followed by the instrumentational analysis,
data processing, and, finally, statical treatment are performed usually applying multivariate analysis (MVA)
until it achieves a response with biological meaning (Figure 7).91%
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Figure 7. Schematic representation of the general workflow of omics-based protocols.

Recently, through said workflow, a urinary peptide profile was the goal for biomarker determination
of Sars-Cov-2 infection patients. Nearly 300 urine samples were analyzed aiming to relate the severity
and progression of the disease, according to WHO stages, to the 50-peptide urinary peptides (COV 50)
and potential cofounders identified through the CE-MS/MS system and statistical treatment.®® The same
analytical protocol was applied to urine donated by 53 patients with different stages of Sars-Cov-2 infection.
In this study, 593 were found to be associated with the disease severity. The authors also compared these
peptides with kidney disease or heart failure.®”

Over the last five years, we have found that this standard workflow was also the chosen course of
action for urinary biomarkers access related to Lupus Nephritis,*® cholangiocarcinoma®® periprosthetic
joint infection,’® liver fibrosis,'”" PCa,'? lupus erythematosus,'®® kidney evaluation,'™ detection of
solid tumors,'% and CKD.'"% For CKD in special, the National Kidney Foundation established a urinary
proteomics-based classifier (CKD273) where peptides are quantified.'” Through the standardized
method, CE-MS is today one of the main platforms employed for that quantification.%8109

As commented before, a few specialists have been promoting the feasibility of CE for proteomics-
driven studies as well in a series of review papers.81%-""3 As Chen et al. (2021) highlight, CE-MS can
achieve highly efficient separations of mixtures of peptides, proteoforms, and intact protein complexes.
The full proteome analysis by CE-MS exhibits significant growth. The evolution of the technique and new
technologies facilitated the generation of a large number of comparable data sets, which, according to
Latosinka et al. (2019), provides an opportunity for the development of multiple CE-MS-based biomarker
panels describing complex diseases for use in diagnosis, prognosis, and treatment.""'"® The last-
mentioned review'" covers the main studies involving proteomics and peptidomics by CE-MS in urine
and other biological samples over the last two decades. The publications discussed in this section are
summarized in Table VI.
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Table VI. Analytical methods applied to the analysis of peptides and proteins in human urine samples by CE

Analyte Application Sample Preparation Analytical platform CE experimental conditions POES T Ref.
parameters
Pro-Hyp, Pro-Pro, Pro- Bone turnover and Primary amines blockage Flow-gated CE-LIF BGE: 40 mmol L' tetraborate, 492 nm (excitation), 88
Gly, Pro-Leu, Hyp, and osteoporosis followed by fluorogenic 40 mmol L' cholate, 40 mmol 520 nm (emission)
Pro derivatization with NBD-F. L' deoxycholate. Fused silica
capillary: 10 umi.d., 10 cm
effective length, -5 kV x 0.3 s,
-25 KV, room temperature.
PSA Prostate cancer PSA capture with anti- CE-ESI-QqTOF BGE: 10% acetic acid (v/v, 1.74 Capillary voltage 90
PSA beads, centrifugation, mol L, pH 2.3). Bare-fused silica between -1.1 kV
beads washing, extraction. capillary: 30 ym i.d., 90 cm total and -1.3 kV. Drying
Reconstitution of a final length, 150 ym o0.d. 1 psix 60 s gas:150°C, 1.2L
extract with sodium (sample), 0.5 psi x 25 s (BGE), min-'.
bicarbonate.® 20 kV.
PSA Prostate cancer PSA capture with anti- CE-nanoESI-QqTOF BGE: 20% acetic acid (v/v, 3.49 Capillary voltage — 89
PSA beads, centrifugation, mol L, pH 2.3). Bare-fused 1.35 kV, drying gas:
beads washing, extraction. silica capillary: 30 pm i.d., 91 100 °C, 1.2 L min"".
Reconstitution of final extract cm total length, 150 um o.d. 100
with sodium bicarbonate.®® psi x 4 min (BGE), 8.8 psix35 s
(sample), -20 kV.
Peptidomic profile. COVID-19%°7, Dilution with urea, NH,OH, CE-ESI-microTOF BGE: 20% ACN in water with ESI: Capillary voltage 96,97,
(COV50)% Lupus Nephritis®, and SDS and ultrafiltration 0.94% formic acid. Fused silica between -4.0 kV and 99-106

cholangiocarcinoma®,
periprosthetic joint
infection'®, liver
fibrosis'", prostate
cancer'® lupus

erythematosus'®, kidney

evaluation', detection
of solid tumors™%,

and chronic kidney
diseases'®

followed by desalinization
and lyophilization. Re-
suspension with water.%?

capillary: 50 ym i.d. 95 cm 2 psi x
99s, 30 kV, 35°C.%

-4.5 kV.

m/z range: 350 —
3000_93,94,114

Other conditions not
mentioned.

ACN: acetonitrile; BGE: background electrolyte; CE: capillary electrophoresis; ESI: electrospray ionization; Hyp: 4-hydroxyproline; i.d.: internal diameter; LIF: laser-induced
fluorescence; Q: quadrupole mass spectrometer; NBD-F: 4-fluoro-7-nitro-2,1,3-benzoxadiazole; o0.d.: outer diameter; PSA: prostate-specific antigen; SDS: sodium dodecyl
sulfate; TOF: time-of-flight mass spectrometer.
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Untargeted metabolomics

The primary goal of omic sciences is to gain a complete understanding of cellular function and biological
changes. Metabolomics, a term introduced in 2011, is considered the comprehensive and quantitative
analysis of low-molecular weight compounds within a biological system. It provides a reading of the
physiological status of any organism and thus was rapidly embraced by the science community.®"'15116
The untargeted metabolomics is based on the qualitative analysis of as many metabolites as possible.*’
For that reason, as mentioned in the previous section is important to use high-performance analytical
instrumentation.

CE coupled to MS is a well-established and mature platform for comprehensive analysis, but it still
is underappreciated compared to LC-MS systems, one of the reasons is the challenging reproducibility.
On that matter, a paper published in 2020 is described a multi-laboratory trial for accessing reproducible
data in CE-MS based metabolomics."” The aim was to get migration-time reproducibility and determine
the most suitable approach for metabolite annotation by comparing relative migration time (RMT) versus
electrophoretic mobility (ueff) in standardized BGE. Seventeen laboratories with 20 distinct CE-MS systems
participated. By using only BGE composition as a common parameter, 3.1% of total variation on the peff
was achieved, thus, as the authors commented, this so-called Metabo-ring study invigorates the use of
CE-MS.

Recently, a few review papers have been commenting on how CE-MS associated with chemometrics
is being applied to metabolomics.? 12118121 Some authors discuss the simple strategies that are being
used for pre-concentration proceedings, for enhancing sensitivity and molecular coverage."® Some new
approaches will also be discussed in this section. Overall, considering the analytical proceedings, for CE-
MS based metabolomics two readings are primarily done, one using acid BGE in positive mode followed
by adaptations to negative mode with alkaline BGE.

We have found some authors employing multisegmented injection (MSI) coupled with high-resolution
MS/MS protocol aiming to enhance analytical frequency, sensitivity, and mass coverage. The most recent
study applied this method for the discovery of biomarkers for the diagnosis and prognosis of pediatric
inflammatory bowel disease (IBD)."?? Using both acid and alkaline media with coaxial sheath liquid and
tandem MS in positive and negative mode, 122 urinary metabolites were found. The levels of some organic
acids, inorganics salts and glucuronides were found to be distorted in IBD infant patients. As a follow-up,
a new target protocol using the same system was used to monitor this compound. A similar MSI-CZE-ESI-
QTOF method has already been applied two years previously to monitor PKU patients aiming a targeted
assay of Phe, this study was a comment on amino acid section.®

A convectional CZE-ESI-TOF was used to colorectal cancer urinary profile (CRC)."?® The method used,
similar to the protocol aforementioned, was previously applied in a salivary profile study.'** A different
feature of the method is a commercial cationic coated capillary that enables reverse EOF for anionic
species'®. The researchers identified and quantified 154 metabolites, including glycolysis, amino acids,
polyamine, and products from tricarboxylic acid (TCA) and urea cycles. In a follow-up study, new samples
were analyzed corroborating the previous result where 132 significant metabolites were again identified.'?®
Through the same platform and similar screening method, another research group selected glycine
and ethanolamine as biomarkers for acute kidney injury (AKI)."?” Finally, similar CZE-ESI-TOF routines
were successfully employed for biomarkers discovery of rheumatoid arthritis,?® gut microbiota on uremic
solutes,'?® and in large-scale cohort study.'°

A novel online two-phase electroextraction (EE) was developed recently and applied to random human
urine for demonstration.’' The system enables rapid sample extraction and it is even more interesting
for volume-limited cases. The analysis through the EE-CE-ESI-microTOF optimized method result in the
detection of 122 putative metabolites.

A feasibility verification routine was performed using CE-ESI-QgQ as the main untargeted and targeted
platform of the sub-5 kDa urine metabolome of specific cancer patients.'? For the untargeted analysis, ESI
was achieved by a bevelled needle tip geometry with a flow-through microvial previously developed and
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applied as a robust interface for other purposes.'? With this distinguished apparatus, they have identified
over 400 distinct metabolites for patients.

Overall, we observed a pattern within the optimized CE-MS methods. Basically, in order to enhance m/z
coverage, a full screening of cations was done by using acidic BGE, normally achieved with formic acid at
pH 2 or near, applying positive high separation voltage and analysis in positive mode. As a complement, the
screening of anions is done with alkaline BGE, around pH 8.5, negative separation voltage, and negative
mode detection, with or without the use of sheath liquid in both acquisition modes. Slight variations were
found concerning total capillary length, MS acquisition conditions (capillary, nozzle, and fragmentor
voltage), and drying gas flow, pressure, and temperature in the ESI source. Minimal sample preparation
was carried out among all studies, we believe that the point is not to lose information as a consequence of
sample overhandling. The publications discussed in this section are summarized in Table VII.
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Table VII. Analytical methods applied to the analysis of untargeted metabolomics in human urine samples by CE

Application EDE . P b CE experimental conditions Detector parameters Ref.
Preparation platform
Pediatric Dilution MSI-CE-ESI-QTOF BGE (+): 1 mol L formic acid 15% ACN (pH 1.8). SHL (+): 60% (v/v) MeOH with 0.1% (v/v) formic 122
Inflammatory Bowel BGE (-): 50 mmol L' ammonium bicarbonate (pH acid. SHL (-): 50% (v/v) MeOH. ESI: 3500 V, nozzle
Disease 8.50). Uncoated fused silica capillary. 50 ymi.d. 110  voltage: 2000 V. Drying gas: 16 L min -, 200 °C.
cm total length. 30 kV, 25 °C. MSI: sample 100 mbar  Sheath gas: 3.5 L min"', 200 °C. Nebulizer pressure:
x 5 s followed by BGE 100 mbar x 40 s. 8 psig. Fragmentor: 120 V. m/z range 50-1700.
Colorectal cancer Centrifugation, CE-ESI-TOF BGE (+): 1 mol L™ formic acid. Capillary (+): Fused SHL (+): 50 % (v/v) MeOH/water at 10 pl min"' ESI 123
dilution, and filtration silica 50 pm i.d. 95 cm total length. 50 mbar x 5's, 30  (+): 4000 V. Drying gas: 300 °C. Nebulizer pressure:
kV, 20 °C. 7 psig. Fragmentor: 75 V. m/z range 50 — 1000.
BGE (-): 50 mmol L' AA (pH 8.50). Capillary column ~ SHL (-): 5 mmol L AAin 50% (v/v) MeOH/water,
coated with cationic polymer 50 pm i.d. 105 cm 1:100 splitter at 10 pl min'. ESI (-): 3500 V. Drying
total length. 50 m bar x 30 s, -30 kV, 20 °C, tray gas: 300 °C. 7 psig. Fragmentor: 100 V. m/z range
temperature kept below 5 °C.'% 50 — 1000."*
Acute kidney Injury Dilution, ultrafiltration CE-ESI-TOF BGE (+): 1 mol L formic acid. Fused-silica capillary SHL (+): 50% (v/v) MeOH/water at 10 L min-'. SHL 127
and centrifugation column 50 pm i.d. 100 cm total length. 5 kPa x 3 s, (-): 5 mmol L' AAiin 50% (v/v) MeOH/water at 10 L
30 kV. BGE (-): 50 mmol L' AA (pH 8.5). Capillary min-.
coated with cationic polymer. 50 kPa x 30 s, -30 kV.
Rheumatoid arthritis Dilution with water CE-ESI-QTOF BGE (+):1 mol L formic acid. Fused-silica capillary SHL: commercial solution (H3301-1020, HMT) at 128
and organic solvent. column 50 pm i.d. 80 cm total length. 50 mbar x 10 10 pl min'. ESI (+) 4000 V. Drying gas: 300 °C at 7
Centrifugation and s, 27 kV. BGE (-): Commercial solution (H3302-1022) L min™, 5 psig. Fragmentor: 80 V. ESI (-). 3500 V.
filtration. Filtrate and 50 mmol L' AA (pH 8.5). 50 mbar x 6 s."* Drying gas: 300 °C at 7 L min”', 5 psig. Fragmentor:
resuspended in 125 V. m/z range 50 — 1000."%*
water.
Gut microbiota Extraction with CE-ESI-TOF BGE (+): 1 mol L formic acid. Fused-silica capillary SHL (+): 5 mmol L' AAin 50% (v/v) MeOH/water at 129
methanol column 50 ym i.d. 100 cm total length. 50 mbar x 3 10 pL min'. ESI (+): 4000 V. Drying gas: 300 °C, 10
s, 30 kV, 20 °C. BGE (-): 50 mmol L' AA (pH 8.50). pL min'. m/z range: 70 — 1027. ESI (-): 3500 V. 35136
Capillary column coated with cationic polymer: 50 um
i.d. 100 cm total length. 50 mbar x 30 s, -30 kV.135136
Random Dilution with water EE-CE-ESI- BGE: 1 mol L' formic acid. Bared fused silica SHL: 1 mol L formic acid in 50% (v/v) MeOH/water 131
and EtOAc microTOF capillary 50 pm i.d. 80 cm total length. at 15 pyL min'. Make-up liquid for EE: 1 mol L formic
acid at 50 pL min-'
Prostate and bladder none CE-ESI-QqQ BGE (-): 2% (v/v) formic acid, 50% (v/v) MeOH m/z range 50 — 850. Other conditions are not 132

cancer

and 48% (v/v) water, Fused silica capillary
coated with cationic polymer trimethoxysilylpropyl
polyethyleneimine-HCI in isopropanol (50% v/v).
1psix10s, -30 kV.

mentioned.

AA: ammonium acetate; ACN: acetonitrile; BGE: background electrolyte; CE: capillary electrophoresis; EE: electroextraction; ESI: electrospray ionization; EtOAc: ethyl acetate;
i.d.: internal diameter; MeOH: methanol; MSI: multisegmented injection; QgqQ: triple-quadrupole mass spectrometer; QTOF: quadrupole time-of-flight mass spectrometer;
SHL: sheath liquid; TOF: time-of-flight mass spectrometer.
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OVERVIEW AND PERSPECTIVES

Throughout this compilation of recent studies involving urinary identification of specific molecules and
comprehensive profiles by CE, we came across some insights and tendencies of novel and traditional
methods application. Comparing all the chemical classes discussed in this review, we noticed that the
main adopted strategies have some similarities considering sample treatment, on the other hand, CE was
explored in a variety of modes. BGE composition for instance has used at the extremes of the pH scale
within a unique class of compounds. Typically, the same protocol is used in a variety of cases because
what really matters is the most comprehensive response possible. In this context, we put together a
mind-map containing all the most common sample handling and analytical procedures for the analysis of
specific molecules and groups of molecules considering their respective singularities (Figure 8).
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Figure 8. Mind-map of information gathered about sample preparation, CE modes, and detection techniques used
for the urinary analysis of amino acids, organic acids, carbohydrates, inorganics, lipids, proteins, peptides, and
untargeted metabolomics.

About the technique itself, we have noticed a growth in the number of publications pursuing CE
method development in the past two decades but it is still underappreciated when compared to traditional
instrumentation, especially HPLC. For the specific analysis of organic acids and inorganic species, we
believe CE could already be more explored given its intrinsic potential to separate these compounds
with much lower cost and reduced residue generation. We have shown that CE-MS at most is already
being introduced for direct clinical analysis, so, we believe that going further, with the rapid advance of
miniaturization devices, 3D printing, portable detectors possibilities, the potential of CE is in hand to be
applied in multi-segmented facilities.
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