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Capillary electrophoresis coupled online with mass detection is a modern tool for
analyzing wide ranges of compounds in complex samples, including urine. Cap-
illary electrophoresis with mass spectrometry allows the separation and identi-
fication of various analytes spanning from small ions to high molecular weight
protein complexes. Similarly to the much more common liquid chromatography-
mass spectrometry techniques, the capillary electrophoresis separation reduces
the complexity of the mixture of analytes entering the mass spectrometer result-
ing in reduced ion suppression and a more straightforward interpretation of the
mass spectrometry data. This review summarizes capillary electrophoresis with
mass spectrometry studies published between the years 2017 and 2021, aiming at
the determination of various compounds excreted in urine. The properties of the
urine, including its diagnostical and analytical features and chemical composi-
tion, are also discussed including general protocols for the urine sample prepara-
tion. The mechanism of the electrophoretic separation and the instrumentation
for capillary electrophoresis with mass spectrometry coupling is also included.
This review shows the potential of the capillary electrophoresis with mass spec-
trometry technique for the analyses of different kinds of analytes in a complex
biological matrix. The discussed applications are divided into two main groups
(capillary electrophoresis with mass spectrometry for the determination of drugs
and drugs of abuse in urine and capillary electrophoresis with mass spectrometry
for the studies of urinary metabolome).
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1 | INTRODUCTION

Urine is a favorable analytical biofluid especially due to its
noninvasive collection [1-3]. It is an important source of
biomarkers of various diseases and reflects the state of the
organism. The study of these biomarkers can provide much
vital information to understand how the body works [4].
Because the demands on the quality of medical treatment
and cognition of organisms are continuously increasing,
deeper insights into the disease’s origin, mechanism of pro-
gression, or effect of the treatments are required. However,
urine contains many substances that differ in molecular
mass, polarity, concentration, and other properties; there-
fore, a suitable analytical tool needs to be applied to obtain
quality analytical data [5].

The CE-MS combines the separation ability of CE
with MS identification of analytes. CE provides a high-
resolution and efficient separation of charged species [1].
Electrophoretic separation enables fast analyzes in simple
aqueous media (does not require a high amount of organic
solvents as LC-MS) with little or no sample preparation.
Coupling of the CE with MS results in a suitable tool for the
detection of various species, positive, negative and neutral,
in urine samples providing excellent sensitivity, selectiv-
ity, and identification of analytes [1,3]. The following text
summarizes knowledge and progresses in recently pub-
lished studies dealing with CE-MS analyses of compounds
in urine.

2 | URINE

An excretory system ensures the removal of metabolism
products from mammal organisms. The kidneys, which
extract waste products from the blood, play a key role, and
urine is the final product of this system [5]. The human
kidney contains ~1,000,000 functional units or nephrons.
These functional units consist of two parts (Figure 1). The
first part is the glomerulus, which produces primitive urine
by filtrating blood plasma. The second part is renal tubules
that reabsorb 99% of primitive urine. The rest (final urine)
is excreted via the ureter by the bladder [6,7]. Depending
on the content of individual substances, urine is colored
from light to dark yellow by the pigment urobilin [5]. The
average volume of urine excreted per day is approximately
1.5-2.0 L [6].

From an analytical point of view, urine is relatively easy
to work with. Compared to the blood serum or plasma,
which degrades proteolytically, it is a relatively stable, ster-
ile fluid. It is available in large volumes in a short time
period [8,9], and its collection is noninvasive [5].

A wide range of analytical methods has already been
used to analyze this waste fluid, providing information that
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allows us to gain at least partial insights into the complex
metabolic processes in the organism. These include, for
example, high-resolution nuclear magnetic resonance [10],
MS [11], Raman spectroscopy [12], infrared spectroscopy
[13], HPLC [14], GC [15], and many other methods or their
combination [8,16].

2.1 | Chemical composition of urine
Urine is a complex mixture of substances [5]. It consists
of water (91-96%), the organic substances such as urea,
ammonia, and creatinine are largely present. Other sub-
stances contained in urine are inorganic salts, organic
acids, proteins, and peptides [5,6]. It also contains trace
amounts of enzymes, carbohydrates, hormones, organic
acids, pigments, and inorganic ions (sodium, potassium,
magnesium, calcium, ammonium, sulfate, phosphate, car-
bonate, and chloride) [17,18]. The total concentration of
individual elements in urine determined by Putnam [18]
was 6.87 g/L carbon, 8.12 g/L nitrogen, 8.25 g/L oxygen,
and 1.51 g/L hydrogen. Urine pH is normally in the neu-
tral range (between 5.5 and 7.0). The pH value of urine
is mainly affected by the composition of the diet. For
example, an increased intake of alcohol, meat, or milk
reduces the pH. Conversely, increased urinary potassium
and organic acid intake increase urine pH [17,19]. Overall
properties and composition of urine are given in Table 1.
One of the most abundant compounds in urine is urea
[20]. This metabolite is created by the body to remove
waste nitrogen. The process of urea synthesis occurs in
the liver. Subsequently, this compound is transferred via
blood to the kidneys where it is excreted in the urine. Daily
excretion is very variable [21]. Another substance present
in higher concentrations in urine is creatinine. Since its
amount in the muscles is relatively constant, it can be used
to determine creatinine clearance. Creatinine clearance



TABLE 1 The properties of urine and the contents of main urine components [26]

Property and Molar mass Normal range in humans Molarity

composition (g/mol) (reference age in years) (mmol/1.5L)

Volume 0.8-2L

pH 4.5-8.0

Specific gravity (SG) 1.002-1.030 g/ml (all)

Osmolality 150-1150 mOsm/kg (>1)

Urea (CH,N,0) 60.06 10-35g/d (all) 249.750

Uric Acid (CsH,N,0;) 168.11 <750 mg/d (>16) 1.487

Creatinine (C,H,N;0) 113.12 Males: 955-2936 mg/d 7.791
Females: 601-1689 mg/d (18-83)

Citrate (C4H50,°7) 192.12 221-1191 mg/d (20-40) 2.450

Sodium (Nat) 22.99 41-227 mmol/d (all) 92.625

Potassium (K*) 39.10 17-77 mmol/d (all) 31.333

Ammonium (NH,*) 18.05 15-56 mmol/d (18-77) 23.667

Calcium (Ca**) 40.08 Males: <250 mg/d 1.663
Females: <200 mg/d (18-77)

Magnesium (Mg?*) 24.31 51-269 mg/d (18-83) 4.389

Chloride (CI7) 35.45 40-224 mmol/d (all) 88.000

Oxalate (C,0,%7) 88.02 0.11-0.46 mmol/d (all) 0.277

Sulfate (SO,*7) 96.06 7-47 mmol/d (all) 18.000

Phosphate (PO,>7) 94.97 20-50 mmol/d (>18) 23.33

can be described as the volume of blood plasma cleared of
creatinine per time. This is related to the rate of glomeru-
lar filtration, which is an important variable for assessing
proper kidney function. Low creatinine clearance levels
can be caused by acute kidney injury [22-24]. Increased
levels indicate kidney disease or impaired kidney function.
Furthermore, creatinine is also used for the normalization
of analyte quantity in urine samples. The levels of ana-
lytes in urine depend on many factors (e.g., rate of urine
production). Creatinine normalization procedure allows
a noninvasive and fast elimination of this variation. The
concentration of analyte is simply divided by the concen-
tration of creatinine in the same urine sample. However,
this method is not appropriate for all patients, because cys-
tic fibrosis causes irregular creatinine excretion [25].

Urine is also a source of proteins and peptides. The num-
ber of identified proteins or peptides is still increasing [6].
Normal excretion of protein is less than 150 mg/L per day,
and 70% of urinary protein content is created in kidneys;
the rest comes from plasma via blood filtration [26]. The
most abundant proteins in urine are serum albumin and
uromodulin [27,28].

Besides the traditional analyses performed in the doc-
tor’s office (e.g., presence of protein or sugar), many urine
components can also serve as potential disease markers.
While a single biomarker can provide some information
about the state of the disease, its specificity and sensitiv-

ity are limited. Using more biomarkers and generating a
panel can provide more precise prediction and discrimi-
nation between groups of patients [6]. With an increasing
number of biomarkers, the demands on the measurements
of samples and data evaluation also increase. For exten-
sive metabolomic studies, proper statistical processing of
the obtained data is necessary [29]. Also, for data process-
ing and classification, support vector machines are often
applied. Support vector machines is a learning machine
tool that can be trained to learn rules from patterns in data
[30,31].

3 | CAPILLARY ZONE
ELECTROPHORESIS-MASS
SPECTROMETRY

In the CZE, charged species migrate in the capillary filled
with a background electrolyte under the influence of an
applied electric field [32]. The different ionic species sepa-
rate into migrating zones based on differences in their elec-
trophoretic mobilities [33]. Since the introduction of the
first commercial instruments in the 1980s, CE has evolved
into a common laboratory technique for the separation of
ionizable compounds.

The CE-MS consists of CE, an interface connecting
both techniques, and a mass detector [34]. It was firstly
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introduced in 1987 using ESI and a quadrupole mass spec-
trometer [35]. The combination of CE with MS provides the
high-resolution separation of the sample constituents and
their identification and structural characterization [9,36].
Since the CE separation proceeds in a liquid phase and the
MS operates in a vacuum, a suitable interface is required
to generate gas-phase sample ions. While ESI is the dom-
inant ionization technique for the coupling of MS with
separation technique, also other ionization techniques, for
example, MALDI [37], can be applied. With regard to that
ionization, techniques other than electrospray are not dis-
cussed later in the paper, and their principles are omitted.

ESI is based on the creation of charged droplets under
the influence of the electrical field. In the first step, the
liquid containing analytes is dispersed using high voltage.
Subsequently, the solvent from droplets evaporates and
their volume decreases. After electrostatic repulsion
overcomes surface tension, the droplets deform, disinte-
grate, and produce a large amount of smaller more stable
droplets. This process continues until single ions are
created [38].

Besides the electrostatic dispersion and ionization of
the analyzed liquid, the ESI interface for the CE has to
ensure the conductive connection for the electrophoresis
high voltage source. Many different approaches have been
used over the past decades of CE-MS development [34,39].

The most common interface designs are typically
divided into three categories—the sheath liquid [40], the
liquid junction [41-43], and the sheathless [35,38,44-46]
(Figure 2). The coaxial sheath liquid interface consists of
a separation capillary that is placed inside of the capillary,
which delivers the sheath liquid and mixes it with the sam-
ple at the capillary terminus. Both capillaries are often sur-
rounded by a third tube delivering sheath gas improving

the stability of electrospray and evaporation of the electro-
sprayed droplets.

The sheathless interface does not need any liquid addi-
tion for its operation; however, a flow inside the separation
capillary must be established by pressure or electroosmo-
sis to deliver the liquid into the electrospray. While the first
sheathless interfaces were based on a CE capillary with a
sharpened tip coated with a conductive layer for electric
connection [45], currently the most often used, commer-
cially available sheathless interfaces are based on the on-
capillary etched semipermeable junction first described by
Janini et al. [47]. Here, the separation capillary is etched
close toits exit to a point when the fused silica becomes per-
meable to small ions of the background electrolyte but still
prevents liquid flow. This membrane section is then posi-
tioned inside an electrode reservoir for electric connection.
In cases when a very narrow separation capillary is used
(~15 cm or less), the electrospray current may approach
that of the CE separation current. In such a case, only one
high voltage power supply can be used for both the CE sep-
aration and electrospray generation [48,49].

The sheath liquid and liquid junction interfaces oper-
ate on the same principle and differ only by the mechani-
cal arrangement. In both cases, a sheath (spray) liquid is
added to the separated ions that exit the CE separation
capillary. Thus, the flow inside the separation capillary
is not needed, and the separation can proceed under no-
flow conditions. The sheath liquid typically contains mixed
organic (methanol, isopropanol)/water solution of volatile
acids or bases and serves as the electric contact for clos-
ing the CE electric circuit. The sheath liquid based inter-
faces typically provide lower sensitivity than the sheathless
arrangement [36,50]; however, the miniaturized versions
operating in the nl/min flow ranges can approach the sen-
sitivity of the sheathless interfaces [42,51-53].

The liquid junction interface is an alternative to the
commonly used sheath liquid interface. A sharp electro-
spray tip brings the efficiency and stability of the ioniza-
tion to the same level as the sheathless interface (provid-
ing the flow rate and spray tip dimensions are the same).
The zones exiting the separation capillary are mixed with
sheath liquid at a junction through a gap between the sep-
aration capillary and electrospray needle. More technical
details about different ESI interface designs can be found
in recent reviews [54-57].

3.1 | Preparation and storage of urine
samples for the CE-MS measurements

Urine can be collected in a specific period (usually to
observe time-related trends), or at random times (any time
of the day). After excretion of urine, proteolytic degra-
dation by endogenous proteases is completed, so unlike
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TABLE 2 The summary of articles dealing with the CE-MS determination of drugs and drugs of abuse in urine
Analytes Method LOQ/LOD [ng/ml] Reference
Acetaminophen, metabolites CZE-ESI-MS/MS LOQ 25-500 [60]
Salicyluric acid Multisegment injection CE-ESI-MS X [61]

Oxaliplatin enantiomers Chiral CZE-ICP-MS

LOQ 115, 116 (***Pt and Pt isotopes) [62]

Varenicline CZE-MS, CZE-MS/MS LOQ 10 in water, 15 in urine [63]
5-Nitroimidazoles, metabolites MISPE-CZE-MS/MS L0OQ 9.6-130.2 [59]
hCG, hCG-based drugs CZE-MS X [64]
Azathioprine, metabolites, and CE-ESI-MS/MS 28.4-268 [65]
co-medicated drugs
Drugs of abuse, metabolites Multisegment injection CZE-MS X [66]
Drugs of abuse, metabolites Multisegment injection CZE-MS, LOD 0.4-9.6 [67]
CZE-MS/MS
(R,S)-3,4-Methylenedioxypyrovalerone  SPE-CE-MS 10 [68]

blood, urine is relatively stable even at room tempera-
ture for several hours [58]. However, if urine samples need
to be stored for a longer time, it is advisable to freeze
them at -80°C to eliminate residual enzymatic activity [59].
To prevent bacterial contamination, preservatives such as
sodium azide and boric acid can be added to the sample.
Also, the pH of urine can be adjusted. Deproteinization is
commonly applied for blood samples and plasma but this
step is not crucial to apply on urine samples, because of
the low protein content. However, 1:5 dilution in 50% ace-
tonitrile can be used. To eliminate materials in suspension,
filtration on cellulose membrane or centrifugation can be
used. Also, ultrafiltration using membranes with different
cut-offs can be applied to filter compounds from the spe-
cific molecular weight. SPME can be applied for analytes
preconcentration and clean-up. Nonpolar and low-polar
substances can be separated using liquid-liquid extraction.
Also, partial evaporation can be used for the sample pre-
concentration. Unlike blood samples, where cellular com-
ponents occur, these steps are not necessary [60].

Untreated urine or just diluted urine can be also ana-
lyzed using CE-MS (methods called dilute and shoot).
Nevertheless, such analyzes can be problematic in terms
of clogging of various instrument components, and it is,
therefore, advisable to adjust the sample before analysis
[58].

4 | CE-MS FOR THE DETERMINATION
OF DRUGS AND DRUGS OF ABUSE IN
THE HUMAN URINE

The determination of the drugs and drugs of abuse in
urine belongs to the most important CE-MS applications.
After entering the organism, these compounds undergo
metabolic processes and conversions, allowing their excre-

tion from the body [61]. One path for the elimination of
the drugs from the organism leads through the liver to the
excretory system. Besides the metabolic products, a small
amount of unchanged drugs can be also found in urine
[62]. Recent CE-MS applications for the determination of
drugs (or drugs of abuse) and their metabolites in urine are
summarized in Table 2.

Lecoeur et al. [63] developed and validated the
CE-ESI/MS-MS method for the determination of
acetaminophen and five of its metabolites in the
urine samples. The CE online coupled with the triple
quadrupole mass spectrometer with the sheath liquid
interface increased LOQ value 10- to 20-fold (depending
on the analyte) in comparison with UV detection and
allowed to quantify two additional metabolites. Bare fused
silica capillary (50 um id, 80 cm length), 40 mM ammo-
nium acetate (pH 10) as the BGE, and methanol/water
(50:50 v/v) with 0.1% ammonium hydroxide as the sheath
liquid were used for the experiments. The urine was
diluted 20-200 times with the BGE. The method was
applied to three different inclusion groups of patients with
hepatic surgery/resection/re-operation showing promis-
ing results in the differentiation between these groups.
Aspirin is still one of the most frequently used drugs for
pain relief and also for inhibiting platelet aggregation.
Multisegment CE-MS was used for the determination of
salicyluric acid concentrations, the predominant urinary
aspirin metabolite [64]. The platinum complexes with
organic ligands are widely used cancerostatic drugs. CE-
MS was demonstrated for analyzes of these compounds
at a very low (attomolar) concentration of oxaliplatin
enantiomers. Oxaliplatin occurs as two enantiomers, and
only the (R,R)-enantiomer of oxaliplatin is considered to
be the active drug. In this study, the CE-ICP-MS method
for the separation and the determination of oxaliplatin
enantiomers was developed and subsequently used for
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the determination of the drug in the urine samples.
The BGE consisted of a 40 mM sodium borate buffer
(pH 9.5) with 60 mg/mL sulfated-g-cyclodextrin as a
chiral selector. Fused silica capillaries with id 25 pum
and a total length of 64.5 cm were used. Sheath liquid
was composed of 20-fold diluted BGE without a chiral
selector. For the hyphenation of the CE instrument with
the ICP-MS detector, the in-house interface consisting of
a cross-piece, grounding electrode, sheath liquid inlet,
and self-aspirating MicroMist concentric nebulizer was
used. The method was calibrated for the two platinum iso-
topes (4Pt and '%Pt) with similar abundance. The LOD
and LOQ values were 64 and 116 ng/mL. Both enantiomers
were detected in the spiked urine samples [65].

Varenicline is a drug used for the treatment of smok-
ing addiction. PieStansky et al. [66] developed and com-
pared two methods for the determination of vareni-
cline: hydrodynamically closed 2-D capillary coupled with
UV detection (capillary isotachophoresis-CZE-UV [CITP-
CZE-UV]) and hydrodynamically opened CZE-MS. Meth-
ods were subsequently tested for the determination of
the drug in urine samples. Both methods were devel-
oped in terms of increasing casual CE-UV method effec-
tiveness. In the CITP-CZE-UV technique, the ITP mod-
ule consisted of the polytetrafluorethylene capillary (800
um id, 90 mm total length) and contactless conductiv-
ity detector. The CZE module differed in the capillary (id
300 um and 160 mm total length) dimensions and was
equipped with photometric detection. For the CZE-MS
method, a capillary with id 50 um (total length 90 cm) and
a triple quadrupole tandem mass spectrometer with ESI
were used. The instruments were coupled using a coaxial
sheath liquid interface. Both methods showed increased
selectivity and specificity when compared to the CE-UV.
The CITP-CZE-UV provided lower LODs than CZE-MS
(1.25 ng/mL in water and 3.0 ng/mL in urine). Another
advantage of the CITP-CZE-UV technique was a low cost
per analysis. On the other hand, the CZE-MS allowed per-
forming experiments in a short time with simple BGE com-
position.

The determination of trace amounts of antimicro-
bial drugs in urine may require a selective extrac-
tion/concentration step. Besides the solid phase extrac-
tion techniques more selective tools may be required,
including the molecularly imprinted SPE (MISPE), which
was described for the extraction of 5-nitroimidazoles with
over 80% recoveries. Bare fused silica capillaries with
50 um id and a total length of 110 cm and the voltage
28 or 25 kV were tested for both CZE and MEKC sepa-
rations. The BGE consisted of 100 mM ammonium per-
fluorooctanoate buffer (pH 9) for MEKC mode and 1 M
formic acid (pH 1.8) for the CZE mode. Sheath liquid
for the CZE-MS measurements consisted of propane-2-

ol:water:acetic acid (60:38.8:0.2 v/v/v), the analytes were
detected using ESI voltage -4.9 kV. Since the CZE pro-
vided higher selectivity, it was used in the final optimiza-
tion of the MISPE-CZE-MS/MS method. The developed
method provided LODs from 9.6 to 130.2 pg/L allowing
the determination of 11 5-nitroimidazoles in the urine
samples [62].

Human chorionic gonadotropin (hCG) is a glycopro-
tein hormone specific to human pregnancy composed of
217 amino acids. Its potential glycosylation can lead to a
high number of isoforms. Several electrophoretic modes,
including the CE-MS with triple quadrupole mass spec-
trometer, were used for the characterization of the dif-
ferent isoforms of the hCG and two hCG based drugs at
the intact level from urine. This study avoided the con-
ventional bottom-up approach, where some information
about the analytes can be lost. An uncoated fused silica
capillary with id 50 pum, total length 60 cm, and effective
length 51.5 cm was used for the CE. The sheath liquid
contained water/methanol/formic acid (50:50:0.1 v/v/v).
The solution of 800 mM formic acid, 800 mM acetic acid,
and 20% MeOH (pH 2.2) served as the BGE. The elec-
trophoretic methods introduced in this article proved the
presence of the isoforms of the two hCG-based drugs, but
the identification of the isoforms was not achieved due
to the limited resolution of the triple quadrupole mass
spectrometer [67].

For the treatment of inflammatory bowel disease (IBD),
thiopurines are commonly used. Mardkova et al. [68]
developed a CE-ESI-MS/MS method for the separation
and determination of the most important thiopurine
drug azathioprine and its metabolites (6-thioguanine,
6-mercaptopurine, and 6-methylmercaptopurine) and co-
medicated drugs (mesalazine, prednisone, and allopuri-
nol) in human urine. CE with uncoated fused silica
capillary with 50 um id, 85 cm total length, +30 kV voltage,
and the triple quadrupole mass spectrometer with coax-
ial sheath liquid interface set at +4.5 kV was used in the
experiments. Note that 10 mM ammonium acetate with
5% methanol (pH 9) solution was used as the BGE,
and methanol/water solution (50:50 v/v) with an addi-
tion of 5 mM ammonium acetate as the sheath liquid.
The developed method was used for the analysis of urine
collected from a group of Crohn’s disease patients treated
with azathioprine. It allowed determining the levels of the
drug, its metabolites, and other co-medicated drugs with
limits of detections in the range of 0.0284 - 0.268 ug/mL.

When improved throughput is required, a multisegment
CE-MS offers the possibility of serial injections within a
single run. In the two studies [69,70], rapid and efficient
determination of several drugs of abuse and their metabo-
lites in the urine samples was achieved using this tech-
nique. The process of drug screening is shown in Figure 3.
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10 discrete sample plugs are analyzed within a single run. A TIE depicts the resolution of major electrolytes/solutes in a synthetic urine

matrix from two distinct classes of DoA, namely a large fraction of fully ionized (e.g., opioids) and weakly basic compounds (e.g., certain

benzodiazepine analogs) from neutral/acidic drugs (e.g., barbiturates) that comigrate with the EOF. (B) A linear regression model with a 95%

confidence interval (dashed line) that demonstrates accurate prediction of the relative migration time (RMT) of a panel of DoA (n = 52) based

on their characteristic absolute electrophoretic mobility (pK, and molecular volume) that facilitates identification of ketamine (m/z 238.0994;

RMT = 0.879) when coupled to (C) high-resolution MS for determination of the most likely molecular formula for its protonated molecule

(MH*) with low mass error (<1 ppm). Note that electrolytes in synthetic urine were detected as their salt formate clusters for sodium and
potassium that migrate prior to DoA and their metabolites. Adopted from ref. [70]. Open access

Developed methods offer low cost and fast analyses with 5 |
low consumption of solvents compared to the convention-

ally used LC-MS and GC-MS.

The in-line SPE-CE-MS method was developed for the
enantiodetermination of synthetic cathinone (R,S)-3,4-
methylenedioxypyrovalerone in urine. After ingestion, the
residue of this drug can be found in the urine at low
concentration levels. The pre-extraction step to CE-MS
enantioseparation enabled the determination of these
compounds with LODs of approximately 10 ng/mL for

both enantiomers [71].

CE-MS AS A TOOL FOR
METABOLOMIC STUDIES

Metabolomic studies describe variations of metabolic lev-
els that can be associated with diseases, treatments, or the
state of the organism [72].

CE-MS is used far less than HPLC for these appli-
cations, mainly because of reproducibility concerns.
Recently, some effort has been put into assessing the
reliability of the CE-MS for the determination of urinary
metabolite concentrations [73]. Additionally, testing the
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reliability of uncharacterized peaks in the urinary untar-
geted metabolomics was also performed [74] including
relative migration-time reproducibility and identification
capabilities in an interlaboratory trial [75]. For annotation
of metabolites with a higher confidence level, an internal
library platform of 226 standards together with their
in-source fragment ions, adducts, and relative migration
times was developed [76].

Several articles describing the connection between urine
composition and diseases using the data from the CE-
MS were recently reported. Valuable data were obtained
for phenylketonuria [77], rheumatoid arthritis [78], sys-
tematic lupus erythematosus [79,80], chronic obstructive
pulmonary disease [81], chronic graft-versus-host disease
[82], liver fibrosis [83], and periprosthetic joint infection
[84]. Besides the study of various diseases, this technique
allowed the generation of the biomarker classifier of mice
aging applicable to humans [85], the prediction of 1-year
mortality after discharge from the intensive care [86], and
rapid screening of biomarkers indicating recent smoke
exposure [87].

Other articles describing CE-MS for metabolomic stud-
ies can be divided into three groups: the articles dealing
with the diseases of the excretory system, cardiovascular
diseases, and diseases connected with the digestive tract.
Papers dealing with CE-MS used for the metabolomic stud-
ies are summarized in Table 3.

5.1 | CE-MS for the determination of
diseases of the excretory system

Chronic kidney disease (CKD) is a global problem and
affects up to 10% of the population in the developed coun-
tries. CKD results from chronic anomalies in the structure
of the kidney, leading to its damage. There is currently no
effective treatment for CKD due to the limited early stage
diagnosis possibilities. The current diagnosis is based on
the determination of the estimated glomerular filtration
rate (eGFR). It is also possible to evaluate the urine albu-
min/creatine ratio [88]. However, these methods require at
least a halfloss of kidney function for the diagnosis of CKD.
An alternative way is to perform a kidney biopsy, which is
not always suitable—it is an invasive method, depends on
the exact place of sampling, and cannot be repeated in a
short period [89]. Therefore, in 2010 a new CKD biomarker
panel consisting of 273 urinary peptides and proteins rang-
ing from 800 to 17,000 Da was generated. The following text
describes the CE-MS conditions and preparation of sam-
ples used for the development of CKD273. The articles
mentioned below adapt the same separation conditions.
The original CE-MS method was performed with the
commercial CE system online coupled with a MS instru-

ment. Samples were treated with 2 M urea, 10 mM NH,OH,
and 0.02% SDS. Proteins of higher molecular mass and
salts were removed using ultrafiltration devices and desalt-
ing columns equilibrated with NH,OH. The samples were
lyophilized and stored at 4°C. Before analysis, the sam-
ples were resuspended in water [90]. After the CE-MS
experiments, a large amount of the CE-MS data need to
be correctly evaluated. Algorithms including support vec-
tor machines, which can combine several biomarkers and
other statistical methods are often used for these purposes
[88].

The applications of the CKD273 classifier were described
for its ability to predict the effects of spironolactone treat-
ment of albuminuria in patients with type II diabetes
and hypertension [91], or as a tool for the prediction of
mortality and cardiovascular disease in patients with type
IT diabetes and microalbuminuria [92]. Magalhdes et al.
[93] studied the correlation between this urinary pro-
teomic classifier and individual urinary peptides with the
degree of fibrosis. A significant and positive correlation
confirmed that CKD273 can be used for the prediction
of the degree of fibrosis. Moreover, seven individual pep-
tides (especially collagen fragments) were negatively asso-
ciated with the degree of fibrosis. The CKD273 was also
used to improve the prediction of the progressive estimated
glomerular filtration rate loss, which is connected with
CKD. The CKD273 subclassifies were introduced for the
classification of the different stages of the CKD. The study
showed that it is possible to predict the rapid loss of eGFR
in patients in the early stages of CKD, individuals without
CKD and high-risk individuals without CKD [94].

The renal peptide handling in patients with CKD was
also studied by measuring the abundance of peptides in
urine, plasma, and spent hemodialysate. The peptide com-
position from these three groups of samples was corre-
lated. The study found no correlation between peptide
abundance in urine and plasma. The correlation between
spent hemodialysate and plasma was moderately strong.
The correlation between spent hemodialysate and urine
was strong but lower than expected. The possible reason
for this is that kidney processing significantly changes the
composition of peptide abundance. Another observation
of this study was that the most abundant peptide in the
urine of CKD patients was albumin. On the contrary, most
of the peptides in healthy controls urine were collagen
fragments [95]. The differences between urine and plasma
peptides in healthy subjects were studied using CE-MS
and CE- and LC-MS/MS analyses [90]. The results of this
study are in agreement with the theory that the proximal
tubule reabsorbs the majority of plasma peptides. Thus,
the overlap between plasma and urine peptides is low. For
that reason, the majority of plasma peptides (expect colla-
gen fragments) were not determined in the urine (resulted
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TABLE 3 Articles dealing with the determination of urine metabolome
Number of analytes or (potential)
Object of studies Analytes in urine urinary biomarkers
Reliability of urinary metabolomic CE-MS Metabolites 123
profiling
Reliability of uncharacterized peaks Untargeted analytes 74 Peaks

CE-MS reproducibility, identification
capability

CE-MS search platform for metabolites
annotation

Phenylketonuria

Rheumatoid arthritis

Lupus erythematosus

Lupus erythematosus

Chronic obstructive pulmonary disease,
alpha-1 antitrypsin deficiency

Chronic graft-versus-host disease
Liver fibrosis

Periprosthetic joint infection
Ageing

Mortality after discharge from intensive care

Screening method for monitoring of smoke
exposure

Albuminuria and spironolactone treatment

Prediction of mortality and cardiovascular
disease

Degree of fibrosis

Progressive eGFR loss

Renal processing of peptides in CKD patients
Renal processing of peptides

Comparison of amniotic fluid and fetal urine
Improvement of eGFR

Progression of end-stage renal disease

Chronic active antibody-mediated rejection in
kidney transplantation children

Differentiation of the CKD types

Renal cyst and diabetes syndrome
Inflammation caused by ureteral stents

The unspecified disease of the excretory system

Influence of gut microbiota on uremic Solute

CKD in dogs

IBD

IBD

Urinary serotonin
IBD

Cationic metabolites

Metabolites

Phenylalanine, metabolites

2-Quinolinecarboxylic, various
metabolites

Peptides
Peptides

Peptides

Peptides
Peptides
Peptides
Peptides
Peptides

1-Hydroxypyrene glucuronide

Peptides
Peptides

Peptides

Peptides
Peptides
Peptides
Peptides
Peptides
Peptides
Peptides

Peptides

Peptides

PGE2, PDG2
N-Glycosaminoglycans

Uremic metabolites (amino
acids, uremic Toxins,
short-chain fatty acids, etc.)

Peptides

Urinary metabolites
Biogenic amines
Serotonin

Proteinogenic amino acids

21 Compounds

226

12 Biomarkers

6 Biomarkers

65 Biomarkers

273 (CKD biomarker panel), 172 (LN
biomarker panel)

66 Biomarkers

14 Biomarkers

50 (Biomarker panel)
137,83,70 (Biomarker panels)
49 Biomarkers

128 (Biomarker panel), 19 individual
urinary peptides

273 Biomarkers

273 Biomarkers

273 (Biomarker panel), 5 individual
peptides

296

6278 in total, 1580 sequenced

3955 in total, 1461 sequenced

67 Biomarkers

141 Biomarkers

20 Biomarkers

79 Biomarkers

2305 Biomarkers

146 biomarker

2

10 GAGs, several GAGs compositions

11 Microbiota-derived uremic solutes,
seven uremic toxins, Short-chain
fatty acids and urea, 19 amino acids

133 Biomarkers
132 Metabolites
12

1

20
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Reference
[70]

[71]
[72]

[73]

[74]
[75]

[76]
[77]

[78]

[79]
[80]
[81]
[82]
[83]

[84]

88]
[89]

[90]

[91]
[92]
[93]
[94]
[95]
[96]
[97]

[98]
[99]
[100]
[101]
[102]

[103]
[107]
[105]
[108]

[109]
(Continues)
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TABLE 3 (Continued)
Number of analytes or (potential)
Object of studies Analytes in urine urinary biomarkers Reference
Aminoacids Aminoacids, Metabolites 11 Aminoacids, 122 urinary metabolites  [110]
IBS Metabolites 10 Biomarkers [111]
Heart failure Peptides 85 Biomarkers [113]
Diastolic left ventricular dysfunction Peptides 85 Biomarkers [114]
B-Blockade, heart rate Peptides 1152 Biomarkers [115]
Cardio-renal syndrome pIgR peptides 23 [116]
Cardiovascular biomarkers Trimethylamine-N-Oxide 3 [117]
(TMAO), l-carnitine,
creatinine
Hypertense in pregnancy Peptides 123 Biomarkers [118]
General cancer urinary pattern Peptides 193 Biomarkers [120]
Cholangiocarcinoma Peptides 30 [124]
Cholangiocarcinoma Peptides 2092 (Mean value in the validation set) ~ [123]
Colorectal cancer Metabolites 154 [125]
Prostate cancer Peptides 19 Biomarkers [126]
Prostate cancer PSA forms, N-glycans 6 PSA forms, 77 N-glycans [127]
Prostate cancer Glycopeptides 67 [128]
Prostate and bladder cancer Metabolites under 5kDa 468 for untargeted, 6 targeted [129]
Prostate and bladder cancer N-Glycans compositions 145 [130]

only in 90 overlapping peptides) [96]. In another study,
Fédou et al. [97] compared the composition of amniotic
fluid and fetal urine peptidome. The compositions largely
correlated; thus, both amniotic fluid and fetal urine can be
potentially used as biomarkers connected to developmen-
tal kidney disease.

The new potential biomarkers or classifiers connected
with the diseases of the excretory system were introduced
in several articles, including an improvement of the eGFR
in CKD patients [98], possible progression of the end-
stage renal disease in patients with the genetic disor-
der [99], or for identification of chronic active antibody-
mediated rejection in pediatric kidney transplantation
children [100].

Siwy et al. [101], in their study, introduced the distin-
guishing of different types of CKD triggered by other mor-
bidities, namely primary focal segmental glomerulosclero-
sis, IgA nephropathy, minimal-change disease, membra-
nous nephropathy, diabetic nephropathy and hypertensive
nephrosclerosis, lupus nephritis, and vasculitis-induced
kidney disease. For this purpose, identifying potential
biomarkers from urine using the CE-MS data from the
Human Urinary Proteome database was performed, and
the results were verified by validation. For each type of
CKD, several potential biomarkers were determined and
combined into classifiers allowing the discrimination of
each kind of CKD with very good or excellent accuracy.
The study also provided outcomes that could be possibly

used for a closer description of the pathophysiology of the
diseases.

Renal cyst and diabetes syndrome (RCAD) in children
is a genetic disorder with several symptoms, including
renal abnormalities and diabetes mellitus. Ricci et al. [102]
introduced a classifier based on the 146 peptides allow-
ing discrimination of RCAD patients from healthy con-
trols and also RCAD patients from other kidney disease
patients with overall 91.67% sensitivity and 94.32% speci-
ficity. Another outcome of this study is that RCAD dis-
ease can be characterized by increased urinary collagen
fragments, and decreased osteopontin and uromodulin.
Design and CE-MS analysis of patient’s urine samples with
RCAD are shown in Figure 4.

Ureteral stents are thin tubes implanted in the ureter,
which support the urine flow from the kidneys to the
ureter. Although these implants are commonly used, their
placement can, in some cases, cause side effects, includ-
ing inflammation. Huang et al. [103] studied the expres-
sion of cyclooxygenase-2 and the production of its metabo-
lite urinary prostaglandin (PGE,) associated with urinary
inflammatory diseases in the urine samples of pigs using
the nonaqueous CE-MS method (Figure 5). The SPME was
used for sample cleanup and preconcentration. The ana-
lytes were subsequently concentrated during the CE sep-
aration using online sample stacking. In the experiments,
uncoated 50 pm id, 70 cm total length capillary, and voltage
28.5kV were used for the separation and triple quadrupole
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FIGURE 4 Study design and urinary CE-MS analysis of patients with renal cyst and diabetes syndrome (RCAD). (A) The analysis was
performed in two phases: a discovery phase, where the urinary proteome of 44 pediatric patients (22 healthy, 22 RCAD) was analyzed, leading
to the identification of 146 sequenced urinary peptides that were modeled in a support vector machines (SVM) classifier called RCAD146. In
the next step, the validation phase, we studied the discriminatory ability of the panel RCAD146 panel in new RCAD patients (n = 24) and
individuals with chronic kidney disease (CKD) or patients carrying monogenic mutations associated with different renal diseases. (B)
Representation of the 146 urinary peptides significantly modified between RCAD and healthy controls. Normalized molecular mass (kDa)
was plotted against normalized CE-migration time (min). Mean signal intensity was given in three-dimensional depiction. (C)
Cross-validation score of the RCAD146 model from the analysis of the discovery cohort along with the definition of the cut-off 0.3 (dashed

line). Adopted from reference [102]. Open access
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FIGURE 5 The simplified diagrams of (A) the hydrodynamic sample injection, (B) the separation and stacking of analytes under the
influence of the electric field, and (C) the flow-through microvial interface. Adopted from reference [103]. With permission from Elsevier
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mass spectrometer for the zone identification. Similar CE-
MS method was developed for the separation and deter-
mination of PGE, from its geometric isomer prostaglandin
PGD, using BGE methanol/acetonitrile/water (8:1:1 v/v/v)
containing 20 mM ammonium acetate and 0.025% acetic
acid (pH 5.3). The concentration of NH,OH in the sample
was optimized to 0.1% v/v in methanol/acetonitrile/water
(9:9:2 v/v/v) solution. For the CE-MS connection, a labo-
ratory constructed flow-through micro-vial interface was
developed, which offered the possibility to alkalize the
acidic pH of the BGE before the MS analysis in the nega-
tive mode. This improved the signal intensity and stability.
The connection between the expression of cyclooxygenase-
2 and inflammatory diseases was observed, and methodol-
ogy for the quantification of PGE, in the stented individu-
als was introduced. The scheme of the separation protocol
is shown in Figure 5.

Several diseases of the excretory system (bladder dis-
ease, kidney pathogenesis, urinary tract infections) are
related to the urinary glycosaminoglycans (GAG). Han
et al. [104] used a negative-ion mode nanoelectrospray ion-
ization source for the CE-MS with orbitrap mass spec-
trometer for the GAG determination using a cation-coated
capillary. The final mixing sheath liquid volume was
15 nL/min. The nanoelectrospray voltage ranged from -
1.85 to —1.9 kV. The solution of 25 mM ammonium acetate
in 70% methanol was used as the BGE and sheath liquid.
The major components of the urinary GAGs and the struc-
tural description of the ten most abundant GAG oligosac-
charides were reported.

In animal studies, the mice urine samples were ana-
lyzed to determine the influence of gut microbiota on the
composition of uremic solute in CKD [105]. Pelander et al.
[106] studied the peptides in dog urine to find a link to
CKD. In the latter study, urine samples from 25 dogs with
CKD and 25 healthy dogs were used. The study describes
133 significantly different peptides, and 35 of them were
sequenced resulting in two urinary peptide biomarker
models 133P and 35P, for the discrimination of healthy and
CKD dogs with similar specificities (70 and 80%, respec-
tively). The method was validated and allowed discrimi-
nation between healthy and CKD dogs in the independent
group of 20 dogs.

5.2 | CE-MS of urine for the
determination of bowel diseases

The term IBD includes several diseases associated with the
gastrointestinal tract’s chronic inflammation and epithe-
lial injury. The two most important types of inflamma-
tory bowel diseases are Crohn’s disease and ulcerative
colitis [107,108]. These diseases are connected with high

morbidity and can significantly affect the quality of a
patient’s life. While the number of IBD patients increases,
the leading causes of the IBD mostly remain unknown.
Therefore, the development of new analytical and diagnos-
tical tools for the study of this disease is of high importance
[109].

For example, the study of urinary metabolome of pedi-
atric patients with Crohn’s disease and ulcerative colitis
using multisegment CE-MS identified several biomarkers
such as indoxyl sulfate, amino acids threonine, and serine
enabling the differentiation between these diseases [110].
Marakova et al. [108] developed and validated the CE-ESI-
MS/MS method for the association of the biogenic amines
in human urine with inflammatory bowel disease. Twelve
biogenic amines were separated using uncoated fused sil-
ica capillary with id 50 um, total length of 85 cm, voltage
30 kV. A triple quadrupole mass spectrometer with sheath
liquid coaxial interface and ESI was used as the detec-
tor. The solution of 50 mM formic acid (pH 2) was used
as the BGE, 50% v/v methanol with 0.1% formic acid was
used as the sheath liquid. Working solutions of standards
and urine samples were prepared by dilution in the mix-
ture of water with methanol. The study included the deter-
mination of biogenic amines in clinical urine samples
from the patients with Crohn’s disease treated with aza-
thioprine and healthy control volunteers. The detection
limits ranged between 4.47 and 144 ng/mL. In patients with
inflammatory bowel disease, levels of serotonin and nore-
pinephrine were significantly decreased while levels of his-
tamine and spermidine were increased. Thus, these bio-
genic amines could be considered as the potential biomark-
ers of inflammatory bowel disease. Serotonin in human
urine was also studied by PieStansky et al. [111]. The group
developed a highly sensitive 2-D CITP-CZE MS method
provided the LOD approximately 34 pg/mL.

Amino acids are connected with intestinal growth and
mucosal integrity; therefore, they can be potentially asso-
ciated with IBD. PieStansky et al. [112] investigated amino
acid composition in the urine of patients with IBD. The
fast CE-MS/MS method for the separation of 20 amino
acids was developed and tested on the clinical samples of
13 patients with Crohn’s disease and a control group of 10
healthy individuals. The obtained samples were just sim-
ply diluted and filtered. Fused silica capillary with id 50 um
and total length 90 cm, positive polarity mode (+30 kV),
and triple quadrupole tandem mass spectrometer with a
coaxial sheath-flow electrospray interface (capillary volt-
age 4kV)was used to perform the experiments. Method for
the separation of amino acids was optimized and 500 mM
formic acid solution was chosen as a BGE. An optimum
sheath liquid composition was methanol/water (50:50 v/v)
+ 5 mM ammonium acetate. The study discovers (in agree-
ment with previously published literature) that levels of
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several amino acids of healthy controls and IBD patients
vary. They conclude that Val, Gln, and Arg can be con-
sidered as the new potential biomarkers introduced by
this study. An interesting demonstration of increasing the
sensitivity of the CE-MS method for the determination of
amino acids in urine was introduced by Oedit et al. [113].
The successful connection of single-drop microextraction
with CE-MS increased the LOD 50-250 times in compari-
son with conventional CE-MS.

Another disease affecting the digestive tract is irritable
bowel syndrome (IBS) characterized by abdominal pain
and other symptoms. Yamamoto et al. [114] studied urine
metabolome and potential biomarkers connected with this
disease. For these purposes, urine samples of 42 patients
were compared with the samples of 20 healthy individ-
uals using CE-MS. CE with uncoated fused-silica capil-
lary (id 50 um, total length 110 cm) online coupled with
TOF mass spectrometer or quadrupole TOF mass spec-
trometer using coaxial sheath liquid electrospray were
used in these experiments. Separations of cations were
performed in a 1 M formic acid buffer containing 15%
v/v acetonitrile (pH 1.80). Anions were separated using
50 mM ammonium bicarbonate (pH 8.5). The sheath lig-
uids consisted of 60% methanol with 0.1% formic acid for
the positive mode, and 50% methanol for the negative
mode, respectively. Several urinary metabolites (glycosy-
lated hydroxylysine metabolites, amino acids, nucleotides,
and/or their modified analogs and catabolites) were con-
sistently increased in the urine of IBS patients. The study
also provides partial insights into the mechanism of IBS
and supports the assumption of the mucosal layer degrada-
tion and the presence of chronic low-grade inflammation
in IBS patients. After validation, metabolites introduced
in this study could be used as the IBS biomarkers. In the
future, the introduced method could replace uncomfort-
able physical examinations connected with the IBS diag-
nosis.

5.3 | CE-MS of urine for the
determination of cardiovascular disease

The term cardiovascular disease (CVD) includes a wide
range of disorders connected with the cardiovascular sys-
tem. CVD is one of the world’s most frequent causes of
death, and finding new tools enabling a thorough exam-
ination of CVD is of key importance [115].

The following three articles study the potential of a novel
classifier HF1 based on 85 urine peptide fragments. Camp-
bell et al. [116] studied the urinary proteome of 829 indi-
viduals (622 with chronic or acute heart failure and 207
healthy controls). The study founds that the HF1 classi-
fier allows discrimination between patients with heart fail-

ure, healthy controls, and coronary heart disease (but with-
out heart failure). Results are comparable to the commonly
used B-type natriuretic peptide test. HF1 was also used
by Zhang et al. [117] to investigate left ventricular dias-
tolic dysfunction (LVDD), which can evolve into heart fail-
ure. Diastolic heart failure causes 50% of all heart failures
and 30% end with death. HF1 urinary classifier was tested
as a tool for discrimination between normal and mildly
impaired diastolic LVDD in comparison with echocardio-
graphy in 5 years horizon. The study confirms that HF1
enables to screen LVDD in asymptomatic patients.

The association of HF1 with HF2, ACSP75, CKD273 clas-
sifiers, and individual peptides with f3-blockade treatment
and heart rate in patients with heart transplantation was
studied by Huang et al. [118] using CE-MS. The study
found that -blockade treatment but not heart rate is con-
nected with the above-mentioned classifiers. He et al. [119]
used CE-MS data from Human Urine Proteome Database
to study the link of urinary polymeric immunoglobulin
receptor (pIgR) peptides with the cardio-renal syndrome.
The study discovered the correlation between 23 pIgR pep-
tides with eGFR and cardiovascular disease and provides
insights into pIgR cleavage.

The CE-UV-MS/MS method for the determination
of possible cardiovascular biomarkers trimethylamine-N-
oxide (TMAO), L-carnitine, and creatinine in human urine
was developed and validated. The method is based on dual
detection because of the high concentration of creatinine
in the samples. CE with fused silica capillaries (21.5 cm
effective length to the UV detector, 92 cm total length to
the MS detector with id 50 um) coupled with ESI triple
quadrupole mass spectrometer (positive ionization mode
+4.5 kV) was used for these purposes. The best results
were achieved with 0.1 M formic acid as BGE and 70:30
methanol:water containing 0.05% v/v formic acid as sheath
liquid. Limits of detection for TMAO, L-carnitine, and cre-
atinine were 0.76, 0.54, and 303 umol/L, respectively. The
levels of TMAO and L-carnitine were significantly elevated
in the urine of patients with cardiovascular events [120].

Another interesting application of CE-MS is the study
of hypertension during pregnancy. Hypertension is a
widespread complication that can increase the probability
of maternal or fetal mortality. The connection between the
urinary peptidome of pregnant animals (rats) and hyper-
tension was found, and the role of the glycoprotein uro-
modulin in hypertension was outlined [121].

5.4 | CE-MS of the urine for the diagnosis
of cancer

Cancer, uncontrolled growth of cells, is one of the main
causes of death worldwide. Because there are many
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types of cancer caused by different mechanisms and pro-
cesses, the demands on the diagnosis techniques are high
[122,123]. CE-MS has already proved its diagnostic poten-
tial for cancer studies in combination with multi-marker
patterns [124,125].

Belczacka et al. [123] used previously published CE-MS
data to determine a general urinary marker pattern associ-
ated with solid tumors and related inflammation. A group
of 2055 urinary profiles consisted of patients with differ-
ent kinds of tumors (bladder, renal cell carcinoma, and
more), and healthy controls were examined. In total, 193
tumor-specific peptides (probably related to general sys-
temic effects during cancer progression) were associated
with five types of cancer.

Cholangiocarcinoma (CC) affects the bile ducts and rep-
resents 3% of all gastrointestinal cancers. The diagnosis
of CC can be a difficult task regarding other biliary dis-
eases that can also develop in patients suffering from CC.
For proteomics, it is a challenging task to differentiate CC
from other biliary disorders in the early stage. The follow-
ing two articles deal with the diagnosis of this disease based
on the data from the urinary proteome. Voigtldnder et al.
[126] examined bile and urine proteome analysis for the
detection of CC in patients with primary sclerosing cholan-
gitis (PSC). In this study, urine samples from a group of 87
patients with PSC, CC patients (partially with PSC), and
other benign disorder patients were analyzed. The exper-
imental results show that CE-MS proteomic analyses of
bile and urine can provide better sensitivity and specificity
than existing diagnostic tools. The same group used the
same CE-MS technique also for protease mapping con-
nected with CC using urine peptide profiles [127].

Almost 2 million new cases of colorectal cancer and
nearly 1 million deaths occurred in 2018. Therefore, Udo
et al. [128] studied metabolites connected to this disease in
the urine of patients. Overall, 154 metabolites in 247 sub-
jects were quantified and their differentiation ability was
tested.

The next very often occurring cancer is prostate can-
cer. It is diagnosed to 15-20% of men during their life.
However, the mortality is low because effective treatment
of the slowly progressive low-risk cancer forms is avail-
able. The noninvasive method for improving high-risk
prostate cancer differentiation from low-risk forms was
developed in the study by Frantzi et al. [129]. The CE
coupled with the orbitrap MS technique was used for the
determination of urinary peptides associated with high-
risk prostate cancer. A new biomarker model based on
19 significant peptides was established with 59% speci-
ficity and 90% sensitivity after validation. In the future,
the test could help reduce the number of invasive biopsies
to determine significant forms of prostate cancer. Another
promising tool for the determination of prostate cancer is

the newly developed prostate-specific antigen (PSA) assay
based on measuring urinary forms of PSA using the CE-
MS [130,131]. CE coupled with QqQTOF mass analyzer via
a sheathless ESI interface was used for the PSA glycoform
assay development. The assay was used for the differen-
tiation of prostate cancer types [131]. The human urine
metabolome under 5 kDa in patients with prostate and/or
bladder cancer was examined by MacLennan et al. [132].
The metabolome analyses were performed using the CE
with 50 um id and 85 cm total length fused silica capil-
lary coated with cationic polymer trimethoxysilylpropyl
polyethyleneimine-HCI in isopropanol 50% v/v. The CE
was coupled with an ESI triple quadrupole mass spectrom-
eter. The BGE and chemical modifier consisted of formic
acid, methanol, and water in different ratios for differ-
ent types of analytes. The experiments can be divided into
targeted and untargeted analyses. Targeted measurements
were correlated to creatinine concentrations and provided
detection and determination of the endogenous concentra-
tion of five amino acids and sarcosine. Untargeted mea-
surements included the determination of 468 compounds.
For the discovery of significantly changed levels of ana-
lytes, the principal component analyses with six compo-
nents were applied. Nine m/z values were significantly
increased or decreased compared to the control healthy
group. Another application of the CE-MS was the iden-
tification of N-glycans and sulfated N-glycans composi-
tion present in the urinary exosomes (small membrane
vesicles), which can be considered as the potential can-
didates for identifying bladder or prostate cancer. After
labeling analytes with Girard’s reagent T for adding posi-
tive charge, 145 N-glycans compositions were identified by
CE-MS [133].

6 | CONCLUSIONS
CE-MS is bringing a promise for the analyses of complex
samples such as urine. In some respects, it can be con-
sidered as the potential alternative to the commonly used
HPLC-MS and GC-MS techniques. Different mechanism
of separation allows targeting a different group of analytes.
Besides high separation efficiency for the charged analytes,
it offers low consumption of organic solvents and sam-
ples, low operating costs, short time analyses, and specific
modes for the sample stacking of low abundant analytes.

The research reviewed above shows the potential of this
technique to determine the drugs from urine, in several
cases at a very low concentration level, determination of
drug metabolites, drug enantiomers, and screening meth-
ods for the determination of drugs of abuse.

The specific application of CE-MS includes
metabolomic studies, providing data for the correlation
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between specific peptide and protein compositions in
urine for several diseases (including diseases of the excre-
tory tracts, cardiovascular system, bowel diseases, and
many types of cancer). These recently published studies
show CE-MS as a suitable technique for biomarker discov-
ery and show the possible use of CE-MS as a diagnostic
tool. The articles also discover the potential of CE-MS to be
used in clinical practice and complement the commonly
used techniques of HPLC-MS and GC-MS.
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