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Methylated nucleosides (mNSs) excreted in urine are considered biomarkers associated with RNA turnover
and disease states such as cancer and can be detected through non-invasive sampling. In this work, we
report the development and validation of a sensitive hydrophilic interaction liquid chromatography
coupled to tandem mass spectrometry (HILIC-LC-MS/MS) method for the simultaneous quantification of
fifteen mMNSs and related nucleobases in human urine. Due to the complexity of the biological matrix
and the need to quantify low-abundance biomarkers, a sensitive and selective micro-scale solid-phase
extraction (u-SPE) using a tip-on-tip format with ENV+ sorbent is proposed as the most convenient
strategy for sample preparation. This approach offers the advantages of rapid extraction, minimal solvent
consumption, and simplified sample handling. The method is simple, effective, affordable, reproducible,
and easily scalable. Additionally, HILIC-based chromatographic separation enabled effective retention
and high resolution. According to international guidelines on endogenous analytes, the proposed

method demonstrated excellent linearity (R? > 0.99), low limits of detection (1-12 pg L%, and
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Accepted 15th February 2026 acceptable intra- and inter-day precision (CV < 15%). Recovery values ranged from 85% to 120% across
all analytes. This novel platform enables reliable and high-throughput profiling of urinary mNSs and

DOI: 10.1039/d6ay00083e offers strong potential for clinical diagnostics applications and population-based biomonitoring of RNA
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1. Introduction

In recent years, RNA chemical modifications have attracted
increasing attention due to their central role in the post-
transcriptional regulation of gene expression.”> Among these
modifications, methylated nucleosides (mNSs), such as N°-m-
ethyladenosine (m°A), 1-methyladenosine (m'A), and 2’-O-m-
ethylcytidine (Cm), stand out for their functional relevance.>*
These molecules are nucleosides/bases bearing a methyl group
at specific positions, and they arise either from physiological
nucleic acid turnover or as a result of pathological processes
such as DNA damage induced by nitrosative stress.>*

Because most methylated nucleosides are not recycled
through standard salvage pathways, they tend to accumulate
intracellularly and are eventually excreted into biological fluids
such as urine, blood, or saliva.”® In contrast to blood, which
necessitates invasive sampling, urine and saliva can be
collected non-invasively and are therefore particularly advan-
tageous for biomarker investigations. Their presence in these
matrices allows detection and quantification, positioning them
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as potential endogenous biomarkers for various chronic and
hard-to-diagnose diseases, including cancer, neurodegenerative
disorders, and renal dysfunction.’™*

Elevated levels of urinary methylated nucleosides have been
associated with metabolic imbalances, inflammation, oxidative
stress, and tumor presence,'” including breast,'>** ovarian,'>'®
and colorectal” cancers. In some cases, these methylated
compounds may offer higher sensitivity and specificity than
traditional tumor biomarkers.*®*® Moreover, certain modifica-
tions—such as m®A—have been directly implicated in cancer-
related pathways, including tumor progression,*** metas-
tasis,”"** drug resistance,” and immune microenvironment
remodeling,** particularly in hematological malignancies like
acute myeloid leukemia.”**” Notably, 5-methyluridine and its
derivatives contribute to RNA stability, translational regulation,
and cellular homeostasis,*®** and abnormal levels have been
linked to pathological processes including cancer.”® Similarly, 3-
methyladenine has been extensively studied due to its dual role
as both an autophagy inhibitor*® and a modulator of cancer cell
response to stress and treatment. It can prevent energy stress-
induced necrotic death,* influence cell survival mechanisms,
and enhance susceptibility to anticancer drugs such as sor-
afenib in hepatocellular carcinoma.?” These findings highlight
that such nucleoside modifications play a key role in cancer
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pathology and represent promising biomarker candidates.
Importantly, their low concentrations in biological fluids are
often near or below the detection limits of conventional
analytical methods. Therefore, advanced sample preparation
strategies, particularly microscale solid-phase extraction, are
essential for achieving reliable enrichment and quantification
in clinical and translational research applications.

Given their clinical significance, the accurate quantification
of methylated nucleosides in biological matrices requires highly
robust and sensitive analytical techniques.**** In this context,
nanopore sequencing and immunoprecipitation have provided
new insights into the structural and functional roles of RNA
modification.'*** However, issues such as isomer misidentifi-
cation and matrix effects remain a challenge in routine
analysis.*”””*” In response to these analytical challenges, stable
isotope dilution strategies combined with high-performance
liquid chromatography-mass spectrometry have been imple-
mented.*®*" Liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) has become the technique of choice
for the determination of nucleosides in biological matrices,
offering excellent separation efficiency, sensitivity and
selectivity.**** Within this framework, hydrophilic interaction
liquid chromatography-tandem mass spectrometry (HILIC-MS/
MS) has proven particularly effective for the analysis of polar
and hydrophilic compounds, including methylated nucleosides
and related metabolites.**?*>***~7 Several studies have demon-
strated the superior retention and chromatographic resolution
achieved with HILIC in complex biological fluids such as urine
or plasma.'>'*4®

Despite the availability of well-established HILIC-MS/MS
methods, comparative evaluations of sample pretreatment
strategies remain scarce.’ Among the sample preparation
strategies for hydrophilic analyte detection,* solid-phase
extraction (SPE)—using HLB, MCX, or PBA sorbents**—has
become the most widely used technique due to its simplicity,
versatility, and high efficiency in reducing matrix effects and
concentrating analytes, in comparison with chemical derivati-
zation*® or protein precipitation and/or liquid-liquid extraction
(LLE), which often requires additional steps and may introduce
variability.**®

In addition, on-line SPE has been described as an attractive
automated alternative, directly integrating sample cleanup into
the chromatographic workflow to reduce manual handling and
improve reproducibility.”® Effective on-line SPE-LC-MS/MS
methods have been reported for the quantification of nucleo-
sides and nucleobases in complex biological fluids such as
urine and saliva.*® Nevertheless, these systems usually require
dedicated instrumentation and may not be easily adaptable to
diverse biofluids.

More recently, miniaturized SPE formats have emerged as
high-throughput alternatives for bioanalytical applications.** In
particular, tip-on-tip micro solid-phase-extraction (TOT-uSPE)
has attracted considerable interest. In this approach, the
sorbent material is packed into pipette tips, enabling efficient
low-volume extractions with minimal solvent consumption and
high throughput using standard laboratory pipettes. Compared
with conventional SPE, TOT-uSPE provides faster extraction,
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reduced solvent use, simplified sample handling and improved
clean-up performance. These advantages have been demon-
strated in various applications, including pipette-tip micro-SPE
for small molecules in serum® or tip-based pretreatment
workflows in proteomics.”*** In this study, we report the
development and validation of an HILIC-MS/MS-based analyt-
ical approach for the simultaneous quantification of fifteen
methylated nucleosides in human urine. The structures of these
compounds are shown in the SI (Fig. S1). Tip-on-tip micro solid-
phase-extraction is proposed as a more reliable sample
pretreatment strategy for urine analysis compared to conven-
tional methods. This approach provides fast extraction,
requires minimal solvent consumption, and involves straight-
forward sample preparation. The procedure is easy to imple-
ment, efficient, reliable, and readily scalable. Method
performance is evaluated in terms of linearity, sensitivity,
precision, recovery, and matrix effects, aiming to contribute to
the development of an efficient analytical platform for non-
invasive epigenetic biomarker profiling. The proposed method
is compared with a reference method consisting of diluting
urine with acetonitrile (ACN) in a 1 : 50 (v/v) ratio and applying it
for the analysis of methylated nucleosides in urine samples.
Dilution is one of the simplest and most widely used sample
preparation strategies for trace analysis, as it involves minimal
sample handling and does not introduce additional extraction
or enrichment steps.

2. Materials and methods

2.1. Chemicals and reagents

All analytical standards were of high purity (>96%). 1-Methyl-
adenosine (m'A), 1-methylguanosine (m'G), 1-methylinosine
(m'I), 3-methylcytidine (m®C), 3-methyladenine (m®A), 5-m-
ethylcytosine (m°Cs), 5-methyluridine (m®U), N°-methyl-
adenosine (m®A) and 7-methylguanosine (m’Gs) were
purchased from TargetMOL (Boston, MA). 2'-O-Methylcytidine
(Cm) and 2'-O-methylguanosine (Gm) were supplied by Thermo
Scientific (Waltham, Massachusetts). 6-O-Methylguanine (m°G)
and 7-methylguanine (m’G) were obtained from Tokyo Chem-
ical Industry (Tokyo, Japan), 5-methyluracil (m’Uc) was
supplied by Fluorochem (Derbyshire, England) and 5-methyl-
cytidine (m°C) was obtained from Glentham Life Sciences
(Corsham, England). Creatinine (=98%), methanol (CH;0H,
HPLC grade), ammonium acetate (NH,Ac, =97%) and formic
acid (HCOOH) were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile (ACN, 99.9%) was obtained from Fisher
Scientific (Pittsburgh, USA). Ammonia (NH;3) was supplied by
Scharlau (Barcelona, Spain), and the ultra-high quality (UHQ)
water used throughout the study was obtained with a Wasserlab
Ultramatic water purification system (Nonain, Spain). For the
preparation of the tip-on-tip devices, empty 50 pL DPX single-
phase filtration tips, model DPX170247 (DPX Technologies;
Columbia, USA), were used. The sorbent materials used to fill
the tips were obtained from the following SPE cartridges:
Oasis® MCX (3 mL, 60 mg) and Oasis® HLB (3 mL, 60 mg) from
Waters (Barcelona, Spain); Bond Elut PBA (3 mL, 60 mg) from
Agilent Technologies (Waldbrom, Germany); and Isolute®

This journal is © The Royal Society of Chemistry 2026
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ENV+ (3 mL, 200 mg) from Biotage (Uppsala, Sweden). The
sorbents were removed from the cartridges, and the appropriate
amount of each material was weighed and transferred to the
DPX tips.

2.2. Standard solutions

Individual aqueous solutions of m'A, m'G, m'l, m*C, m?A,
m°Cs, m°U, m°®A, m’Gs, Cm, Gm, m°G, m’G, m°’Uc and m°C
were prepared at a concentration of 100 mg L™ and stored at 4 ©
C. Working mixture solutions were freshly prepared each day by
diluting stock solutions in water (Mili-Q) for TOT-uSPE treat-
ment or in ACN in the case of reference method. Calibration
solutions were prepared by diluting the working solutions to
achieve the desired concentrations of analytes. Each calibration
level was prepared in triplicate.

2.3. Sample collection and pretreatment

Urine samples were collected from apparently healthy adults
(25-48 years old) of both sexes and were directly stored at —20 °©
C until analysis. All participants were informed about the
objective of the study, and written informed consent was
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obtained. Samples were used exclusively for the development
and validation of this analytical method. The study was con-
ducted in accordance with the Declaration of Helsinki and
approved by the Clinical Research Ethics Committee of the
Salamanca Health Area (protocol code: CTQ2013-47993-P/BQU;
date of approval: 21 November 2013).

After thawing at room temperature, samples were centri-
fuged at 1800 rpm for five minutes to remove precipitated
proteins. Subsequently, the supernatants were subjected to the
TOT-uSPE procedure (Fig. 1A), which was selected as the main
pretreatment strategy due to its efficiency and reproducibility
for the enrichment of mNSs. For this purpose, tip-on-tip
microextraction devices were manually prepared by intro-
ducing approximately 15 mg of Isolute ENV+ sorbent, based on
a hypercrosslinked polystyrene-divinylbenzene matrix that
combines non-polar - interactions with polar retention sites,
into DPX single phase filtration tips. The polymeric ENV+ phase
provides a broad affinity range suitable for both purine and
pyrimidine derivates. This balanced selectivity allows efficient
extraction of chemically diverse nucleosides. The frit and
barrier integrated in these tips prevent the sorbent from leaking
out of the tip. These custom-made tips were used for a single
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Fig. 1
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(A) Schematic representation of the TOT-uSPE procedure used for urine sample preparation: (a) ENV+ packing sorbent into pipette tips;

(b) and (c) conditioning and sample loading by solvent aspiration with an air gap; (d) elution with ACN: NHz 90:10 (v/v). (B) Total ion chro-
matograms (TIC) acquired with the reference 1: 50 dilution method (grey dashed line) and the optimized TOT-uSPE method (black solid line) for
a natural urine sample. The figure provides a qualitative comparison of the signals obtained with both approaches, highlighting the improved

matrix clean-up achieved with the TOT-uSPE procedure.

This journal is © The Royal Society of Chemistry 2026
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extraction and discarded after use to avoid
contamination.

Following method optimization, the final extraction condi-
tions were established as follows: conditioning with 150 pL of
ACN and 150 pL of H,0, loading with 150 pL of urine sample,
and elution with 500 pL of ACN:NH; (90: 10, v/v). The eluate
was evaporated under a nitrogen stream and reconstituted in 50
uL of ACN: NH,Ac (95 : 5, v/v), which was transferred to HPLC
vials. A volume of 10 pL was injected into the LC-MS/MS system
for analysis. During each aspiration step, a volume of solvent
was drawn into the tip along with a similar volume of air,
ensuring an effective agitation between the sample and sorbent
that improved mass transfer between the sorbent and the liquid
phase.

For comparison purposes, a reference pretreatment
approach consisting of a simple 1:50 (v/v) dilution of urine
samples with ACN was also evaluated. The total ion chromato-
grams obtained with the reference 1:50 dilution method and
the proposed TOT-uSPE microextraction approach are shown in
Fig. 1B. The figure provides a qualitative comparison of the
signals obtained with both approaches, highlighting the
improved matrix clean-up achieved with the TOT-uSPE
procedure.

Creatinine levels were measured using the Jaffé method*®
and were used to normalize the concentrations of mNSs.

Cross-

2.4. Instrumentation and HILIC-MS/MS analysis

The LC-MS/MS system consisted of an Agilent 1200 series HPLC
system coupled to a 6410 LC/MS triple quadrupole (QqQ) mass
spectrometer with an electrospray (ESI) ionization source from

concentration in spiked urine — concentration in unspiked urine
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2.5. Method validation

Method validation was performed in accordance with the
guidelines outlined in Strategies for the Quantification of Small
Molecules Endogenously Present in Biological Samples,” covering
parameters such as linearity range, limits of detection (LOD)
and quantification (LOQ), intra- and inter-day coefficients of
variation, recovery and matrix effects. Validation was performed
concurrently for both the proposed and reference methods.

Calibration curves were constructed from both pure solvent
and natural urine samples, each using six concentration levels
(specific for each analyte) and a blank sample (unspiked), with
each level analyzed in triplicate. The calibration equations are
expressed as S = x + b, where § is the calibration slope, x is the
analyte concentration and S represents the peak area of the
analyte. LOD is defined as the lowest concentration spiked into
the sample that produces a signal significantly different from
that of the corresponding endogenous concentration. LOQ was
determined as 3.33 times the estimated LOD.*®

Method precision was assessed using urine samples spiked
at three concentration levels, representing the lower, middle,
and upper range of the calibration curve. 10 replicates of these
levels were analyzed within a single day to assess intra-day
precision (repeatability), and 10 replicates per day were
analyzed across three different days to determine inter-day
precision (reproducibility). Precision is expressed as the coeffi-
cient of variation (CV%) and considered acceptable if CV values
are = 20%.

Recovery (%R) was calculated using eqn (1) for the reference
method.

%R =

spiked concentration

Agilent Technologies (Waldbrom, Germany). The HPLC chro-
matograph was equipped with a binary pump, a membrane
degasser, an autosampler and a six-port valve. The MS was
operated in positive mode, and the source nebulizer pressure
and voltage were set at 35 psi and +3500 V, respectively.
Nitrogen was used as the drying (12 L min~* and 350 °C) and
collision gas. Analyte quantification was carried out in Multiple
Reaction Monitoring (MRM) mode. All the parameters related to
instrumental configuration are listed in Table S1 in the SI. An
InfinityLab Poroshell 120 HILIC-Z column (2.1 x 150 mm; 2.7
pm) from Agilent was used. Mobile phase A consisted of
100 mM NH,4Ac aqueous solution and mobile phase B was ACN.
The flow rate was 0.200 mL min ‘. The chromatographic
gradient program was as follows: 0-2 min, 10-15% A; 2-8 min,
15-20% A; 8-10 min, 20-30% A; 10-20 min, 30% A; 20-25 min,
30-10% A; 25-30 min, 10% A. These conditions were main-
tained for an additional 3 minutes to re-equilibrate the column.
Each sample was measured in triplicate with an injection
volume of 10 pL.

Anal. Methods

% 100 (1)

For the TOT-uSPE method, recovery was evaluated using
a spiking-based approach with standard mixtures under three
experimental conditions: (A) natural urine spiked before pu-SPE,
(B) natural urine sample spiked after p-SPE (spiking into the
extract), and (C) non-spiked natural urine. The analytical
signals obtained under each condition are denoted as Sy, Sg,
and S, respectively. Recoveries (%R) were then calculated using
eqn (2), which corrects for the black signal (Sc) and normalizes
the measured responses according to the spiking and dilution
volumes involved in the preparation of each sample:

(SAXVT) — (Scx Vl)

%R =
% (Sp x V1) — (Sc x Vi)

x 100 2)

where S5, Sgp and Sc correspond to the before-mentioned
signals; V; and Vp represent the initial urine volume and the
total volume after spiking, respectively.

Matrix effects were subsequently evaluated by comparing the
slopes of calibration curves prepared in spiked urine and in

This journal is © The Royal Society of Chemistry 2026
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pure solvent, expressed as ion suppression or enhancement (0%
for no effect and 100% for complete suppression).

3. Results and discussion

The analytical approach developed in this study is based on an
LC-MS/MS system using a HILIC column, designed for the
accurate quantification of polar analytes in biological matrices.
A comprehensive evaluation of the method's suitability for
routine quantitative analysis was performed, in which critical
parameters influencing chromatographic separation, matrix
effects, ionization efficiency, and overall sensitivity were
systematically optimized. The main results obtained are out-
lined in the following sections.

3.1. Tuning of mass spectrometry conditions

Multiple reaction monitoring (MRM) parameters were opti-
mized by direct infusion of individual standard solutions cor-
responding to target analytes. All compounds were ionized in
positive electrospray ionization mode (ESI+), with the predom-
inant precursor ion corresponding to the [M + H]" adduct. Key
MS/MS parameters, such as fragmentor voltage and collision
energy (CE), were individually optimized for each analyte to
maximize the sensitivity and fragmentation efficiency. In the SI,
Table S1 summarizes the selected precursor-to-product ion
transitions and the optimized fragmentation conditions. The
most abundant and stable product ions were selected for
quantification, while additional transitions were used for
confirmation purposes to ensure analyte identity.

Additionally, ion source parameters were fine-tuned to
further enhance the signal intensity. These included gas
temperature (250-350 °C), nebulizer pressure (20-60 psi),
drying gas flow (6-12 L min ™), and capillary voltage (2500-4000
V). Optimal values were established at 350 °C, 35 psi, 12
L min~", and 3500 V, respectively.

3.2. Optimization of HILIC chromatographic separation

To optimize the stationary phase and considering the high
polarity of the target analytes, different chromatographic
columns were evaluated. These included non-polar reversed-
phase columns (Kinetex C18), moderately polar columns
(Luna PFP), and highly polar stationary phases such as XBridge
Amide and HILIC-type columns. Among them, the zwitterionic
hydrophilic interaction column (Z-HILIC), which incorporates
a sulfobetaine-modified stationary phase, provided the best
overall performance, yielding improved retention and enhanced
chromatographic resolution. This type of zwitterionic phase
carried both positively and negatively charged moieties within
the same ligand, promoting a mixed-mode retention mecha-
nism based on combined electrostatic and hydrophilic inter-
actions. As a result, polar nucleosides exhibited stronger and
more reproducible retention compared with amide-based
HILIC columns, facilitating the separation of structurally
related analytes. The advantages of sulfobetaine-modified
zwitterionic phases for metabolite profiling and polar
biomarker analysis have been highlighted in recent studies,

This journal is © The Royal Society of Chemistry 2026
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which reported their high column efficiency, reproducibility
and enhanced retention of polar analytes achieved with BEH-
sulfobetaine columns, particularly in complex metabolomic
applications.>**

Mobile phase composition was also investigated in both
isocratic and gradient elution modes. Various mixtures of
acetonitrile with aqueous solutions of ammonium acetate and
formic acid were tested, with the aqueous phase ranging from
5% to 40% (v/v). Gradient elution using acetonitrile and
100 mM ammonium acetate led to significantly better separa-
tion and peak shapes. Fig. S2 shows the MRM chromatograms
of 15 mNSs using a Z-HILIC column under optimized gradient
conditions. Flow rates of 0.200, 0.300, and 0.400 mL min~* were
assessed. While no major differences were observed between
0.200 and 0.300 mL min~" in terms of retention times or peak
shapes, a noticeable increase in peak broadening and overlap
was detected at 0.400 mL min~". Since slightly higher signal
intensities were obtained at 0.200 mL min~" for most analytes,
this value was selected as optimal. The signals for these three
flow rates can be seen in Fig. S3.

The influence of the injection medium was also evaluated.
Mixtures of analytes dissolved in acetonitrile and methanol
were compared, with acetonitrile yielding narrower and better-
resolved peaks. Due to the aqueous content in the mobile
phase, different proportions of water in the injection medium
(0-20%, v/v) were tested. The mixture of acetonitrile with 5%
aqueous ammonium acetate (100 mM) (95 : 5, v/v) provided the
most favorable results in terms of peak shape, resolution and
signal intensity. As shown in SI Fig. S4 and S5, this composition
minimized peak broadening and baseline noise while
enhancing analyte response. Therefore, this solvent mixture
was selected as the optimal injection medium for all subse-
quent analyses.

Finally, injection volumes ranging from 2 to 50 pL were
examined. While larger injection volumes resulted in higher
signal intensities, they also led to increased peak broadening. A
volume of 10 uL was selected as the compromise condition,
providing sufficient sensitivity while maintaining acceptable
peak shape and resolution. The influence of injection volume
on signal intensity and peak shape is shown in Fig. S6 and S7.
Fig. 2 shows the chromatograms obtained under optimized
chromatographic conditions, illustrating the retention and
separation achieved for all target analytes. It should be noted
that multiple peaks are observed in some MRM chromato-
grams, which correspond to isobaric nucleosides/nucleobases
sharing the same mass transitions (+1 u). This emphasizes
the critical role of HILIC chromatographic separation in
achieving accurate identification and quantification of struc-
turally related methylated nucleosides.

3.3. Optimization of the tip-on-tip micro-solid phase
extraction protocol

The tip-on-tip micro solid-phase-extraction approach (TOT-
USPE) was optimized to achieve efficient and reproducible
extraction of methylated nucleosides and nucleobases from
human urine while minimizing matrix interferences and
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18 O) Cm

12 258.02112.0
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298.0>152.2

(a) TIC of a mixture of 15 analytes, (b) to (p) MRM chromatograms of specific analytes, as labeled by their respective acronyms. For each

low-volume alternative that is faster and more adaptable to

typically requires multiple manual steps and larger sample and high-throughput analysis according to sustainability require-

conditioning phases volumes, TOT-uSPE offers a microscale,

ments. This design represents the most innovative aspect of the

Table 1 Linearity of calibration curves, LOD and LOQ for 1: 50 dilution and TOT-uSPE sample pretreatment strategies in urine

Analyte Method Calibration curve (ug L) R? value Linear range (mg L) LOD (ug L) LOQ (ng L)
m’Gs 1:50 dilution §=21.711x + 1.1581 0.996 5-30 150 430
TOT-uSPE § = 0.6553x + 16.692 0.996 0.4-1.6 56 146
m'G 1:50 dilution § =295.37x + 16 710 0.995 2.5-25 40 125
TOT-uSPE S =18.134x + 24 862 0.975 1.2-8 10 34
m'l 1:50 dilution S =72.298x + 7064 0.992 5-30 600 1850
TOT-uSPE § =12.148x + 41794 0.990 1-6 6 20
m°A 1:50 dilution S = 63.293x + 122.64 0.994 0.75-3 200 700
TOT-uSPE § =20.138x + 304.13 0.993 0.1-0.4 6 20
m'A 1:50 dilution S = 2.5392x + 460.2 0.993 5-30 1250 3750
TOT-uSPE § =0.117x + 703.46 0.992 1-6 44 146
m°U 1:50 dilution S = 33.782x — 35.805 0.995 0.5-3 150 500
TOT-uSPE § = 3.8594x — 55.467 0.993 0.1-0.4 8 26
m3C 1:50 dilution S = 66.255x + 3703 0.995 2.5-25 500 1650
TOT-uSPE S =2.4288x + 25528 0.981 1-6 6 20
m°C 1:50 dilution § = 529.79x + 890.4 0.995 0.5-3 100 300
TOT-uSPE § = 30.707x + 242.33 0.996 0.1-0.4 3 10
m’G 1:50 dilution S =287.81x + 27 568 0.995 5-30 200 600
TOT-uSPE § = 80.363x + 110 813 0.996 1-6 3 10
m°G 1:50 dilution — — — — —
TOT-uSPE § =18.326x + 10372 0.993 0.3-1.2 6 20
m3A 1:50 dilution S = 822.85x — 1376 0.993 0.5-3 150 500
TOT-uSPE S =256.39x + 1714 0.996 0.1-0.3 4 16
m°Uc 1:50 dilution S =12.056x — 312.01 0.995 7.5-45 600 2000
TOT-uSPE § = 1.0403x + 438.59 0.993 1-6 20 66
m°Cs 1:50 dilution S§ = 28.619x — 11.095 0.996 5-30 40 125
TOT-uSPE § =2.322x +167.13 0.997 0.3-1.2 8 26
Cm 1:50 dilution S = 367.37x + 4125 0.997 1.5-9 500 1500
TOT-uSPE S =53.91x + 18352 0.987 0.1-0.4 6 20
Gm 1:50 dilution S§ = 305.78x + 1342 0.996 0.5-3 150 500
TOT-uSPE S = 36.502x + 3600 0.997 0.8-2.4 2 6
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study, providing a simplified and viable pretreatment strategy
for urinary biomarker analysis.

In the TOT-uSPE configuration, the sorbent material was
confined within pipette tips, and extraction was performed by
aspirating and dispensing small solvent volumes through the
dispersed sorbent. Introducing a brief air gap during aspiration
enhanced mixing and mass transfer, ensuring efficient analyte—
sorbent contact and uniform wetting. The air-assisted mecha-
nism accelerated extraction and improved reproducibility
compared with conventional vacuum- or -cartridge-based
formats, explaining the superior enrichment and clean-up effi-
ciency achieved.

Optimization experiments were carried out using a standard
solution containing all fifteen target analytes, and recoveries
were calculated relative to direct injections without extraction.
Several parameters were systematically evaluated to identify the
conditions that provided the highest recovery and reproduc-
ibility. Among the sorbents tested in the TOT configuration
(Oasis MCX, Oasis HLB, Agilent PBA, and Isolute ENV+), ENV+
consistently exhibited the best performance and was therefore
selected for further optimization. This superior performance
was mainly reflected in higher recoveries and cleaner, more
reproducible chromatographic profiles compared to other
materials tested (Fig. S8). The effect of the amount of ENV+
packed in the tip was then investigated by varying the sorbent
mass between 5 and 25 mg. Recoveries increased notably when
the sorbent mass was increased from 5 to 15 mg; however, no
further improvement was observed when using amounts above
15 mg, indicating that the available active surface was sufficient
to quantitatively retain all analytes under the tested conditions.
Additionally, the physical capacity of the pipette tip limited the
maximum amount of sorbent that could be packed and the
sample volume that could be efficiently processed. Taking into
account these limitations, 15 mg of ENV+ was fixed as the
optimal sorbent amount for subsequent experiments.
Comparative chromatograms and recovery profiles obtained for
different sorbents and sorbent amounts are provided in Fig. S8
and S9.

Next, the influence of the sample loading volume on the
extraction performance was evaluated using 150, 300, and 500
pL aliquots of standard solution (Fig. S10). The highest recov-
eries, along with the most reproducible responses, were ach-
ieved with a loading volume of 150 pL. The use of larger sample
volumes resulted in a slight decrease in extraction efficiency.
This behavior can be attributed to partial analyte breakdown, as
well as dilution effects within the packed tip, which could
reduce effective interactions between the analytes and the
sorbent. Based on these observations, 150 uL was established as
the optimal sample volume. Afterwards, the effect of multiple
loading cycles was examined by performing one, two, and three
successive aspirations of 150 pL each through the same packed
tip. The inclusion of additional loading cycles did not result in
improved recoveries, confirming that a single aspiration step is
sufficient to achieve exhaustive extraction. Furthermore, this
approach offered the most efficient and straightforward work-
flow, minimizing the analysis time and operational complexity.
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Different elution mixtures consisting of acetonitrile
combined with formic acid or ammonia were evaluated to
optimize analyte desorption. The solvent composition was
investigated by varying the ratio of organic and aqueous solvent
from 95:5 to 80:20 (v/v). The use of acetonitrile containing
10% ammonia (v/v) provided the highest recoveries for all
analytes and yielded the most reproducible signal responses.
Subsequently, the effect of elution volume was studied by
testing total volumes between 100 and 500 pL (Fig. S11). Lower
elution volumes resulted in incomplete desorption from the
sorbent, an effect that was especially pronounced for more
strongly retained compounds such as m'G and m’G. Increasing
the elution volume above this range did not lead to further
improvements in recovery but instead caused unnecessary
dilution of the extracts, which is undesirable for sensitive
detection. Based on these observations, an elution volume of
500 pL of acetonitrile : ammonia (90 : 10, v/v) was selected as the
optimal elution condition for subsequent analyses, as it
ensured quantitative desorption while maintaining adequate
analyte concentration and signal reproducibility.

Table 2 (A) Intraday (n = 10) and (B) interday (n = 10) precision results
for two pretreatment strategies

Reference method TOT-uSPE method

Low Medium High Low Medium High

(A) CV% intra-day

m’Gs 7 7 6 19 9 3
m'G 7 7 4 5 12 11
m'l 7 7 5 14 10 17
m°A 5 5 6 12 13 14
m'A 7 7 5 15 12 10
m°U 9 9 10 14 18 20
m’C 8 8 5 18 8 14
m°C 12 12 7 13 9 20
m’G 9 9 5 18 13 15
m°G — — — 5 17 11
m’A 9 9 5 11 13 20
m°Uc 6 6 5 14 17 19
m°>Cs 8 8 5 18 11 16
Cm 4 4 3 15 12 9
Gm 4 4 7 16 14 18
(B) CV% inter-day

m’Gs 10 13 11 20 18 3
m'G 8 9 9 9 12 17
m'l 10 10 9 19 13 18
m°A 9 6 9 13 16 14
m'A 9 10 11 15 18 10
m°U 14 9 12 17 19 20
m’C 8 10 9 16 13 14
m°C 8 12 12 18 11 12
m’G 9 10 9 17 15 15
m°G — — — 20 16 10
m’A 11 10 9 13 13 19
m°Uc 12 10 7 19 19 18
m°Cs 13 11 9 18 17 16
Cm 6 8 9 16 12 11
Gm 7 8 12 15 15 18
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concentration levels.

Finally, since eluates were evaporated to dryness prior to LC-
MS/MS analysis, the reconstitution step was optimized by
testing volumes between 25 and 150 pL using the same solvent
composition as the initial chromatographic mobile phase (95 :
5, v/v; acetonitrile: 100 mM ammonium acetate), which was
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100

90

Y%Matrix effect
4]
o

40

30

20

09 ) 6\\ oP ‘\?’ a\) 50 el '\0 @0 'b?‘ o‘(‘e@

also the solvent employed in the dilution-based method. This
approach ensured full compatibility with the chromatographic
conditions and minimized potential solvent-related effects on
peak shape and ionization efficiency. As shown in Fig. S12,
lower reconstitution volumes produced slightly higher signal
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Fig. 4 Matrix effect (%¥ME) calculated as ion suppression in urine samples.
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intensities but poorer reproducibility. In contrast, larger
reconstitution volumes led to a decrease in sensitivity as
a consequence of analyte dilution. Overall, a reconstitution
volume of 50 puL provided the best compromise between signal
intensity, repeatability, and signal stability, and was therefore
selected as the final reconstitution condition.

3.4. Validation of the TOT-uSPE HILIC-MS/MS method

Linearity, limits of detection (LOD) and quantification (LOQ),
intra- and inter-day precision, recovery, and matrix effects were
evaluated for the proposed micro-scale TOT-uSPE protocol, and
the results were compared with those obtained using a 1:50
dilution pretreatment strategy.

Linearity was evaluated using standard solutions of analytes
and spiked urine samples subjected to each of the following two
strategies: 1:50 dilution and TOT-uSPE. The results obtained
for the urine samples are summarized in Table 1. Both methods
exhibited excellent linearity, with correlation coefficients (R?)
exceeding 0.990 for nearly all analytes. However, the 1:50
dilution method showed a more pronounced matrix effect,
characterized by significant signal suppression. This was evi-
denced by the notably lower slopes of the calibration curves
prepared in urine compared to those prepared in pure solvent.
This reduction in the slopes directly impacts the analytical
sensitivity, which was found to be significantly higher when
using the TOT-pSPE procedure due to the effective removal of
interfering matrix components.

Sensitivity was also assessed for both methods. As can be
seen in Table 1, the detection and quantification limits revealed
that the TOT-uSPE method provided a substantial improvement
in sensitivity for most analytes. Notably, the TOT-uSPE
approach enabled significantly lower LODs for key biomarkers

A 1:50 Dilution
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such as m®A, m°U, and m>A. In the case of m°G, this compound
could not be detected at all using the dilution strategy, further
highlighting the enhanced sensitivity of the TOT-uSPE method.
This enhancement in analytical performance underscores the
superior capability of the TOT-uSPE protocol to detect low-
abundance compounds, an essential feature for the reliable
application of these biomarkers in early-stage disease diag-
nostics and large-scale biomonitoring studies.

For precision and recovery studies, three different levels of
each analyte were prepared as quality control (QC) samples. The
concentration values of these samples for both pretreatment
strategies are summarized in the SI.

Precision results are recapped in Table 2. Intra- and inter-day
precision coefficients of variation (CVs) for the three concen-
tration levels tested (low, medium, and high) were within
acceptable limits (CV < 20%) for both methods. Specifically, the
TOT-uSPE method exhibited greater variability for low-
abundance analytes, particularly at low concentration levels.
Despite this, the overall performance in terms of repeatability
remained within acceptable thresholds for exploratory studies
and validation procedures involving complex biological
matrices.

The recovery rates for the QC samples at low, medium and
high concentrations were evaluated, yielding values ranging
from 85% to 120% as shown in Fig. 3. As previously stated, the
m®G biomarker could only be detected and quantified using the
TOT-uSPE method, likely due to the presence of multiple
interfering substances in urine samples. In this regard, the
matrix effect was evaluated by comparing the slopes of the
calibration curves obtained by both pretreatment procedures in
different matrices (pure solvent and urine). Fig. 4 illustrates the
matrix effect (%ME), expressed as ion suppression, which
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Fig.5 Scatter plotsillustrating the analysis of urine samples using the proposed TOT-uSPE pretreatment method in comparison to 1 : 50 dilution.
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ranges from 0% (no suppression) to 100% (complete suppres-
sion).®® The analysis revealed pronounced differences in matrix-
related signal alteration across analytes and treatments. Over-
all, the 1:50 dilution method exhibited substantially higher
matrix effects, with most analytes (13 out of 15) showing values
exceeding 40%. This suggests an elevated level of co-eluting
matrix components, which may enhance or suppress the ioni-
zation efficiency during mass spectrometric analysis. Notably,
analytes such as m’Gs and m'I demonstrated significant signal
enhancement, emphasizing the potential for compromised
quantification accuracy when matrix effects are not adequately
controlled. In contrast, TOT-uSPE-treated samples yielded
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consistently lower values across nearly all analytes. These
results indicate a more effective removal of endogenous matrix
constituents, leading to reduced ion suppression/
enhancement. For example, compounds like m°A, m°C, and
Cm showed markedly improved signal stability following TOT-
WUSPE, underscoring the robustness and cleaner background
afforded by this approach.

These findings highlight the superior matrix-cleanup effi-
ciency of TOT-uSPE compared to direct dilution, particularly in
complex biological matrices such as urine. While dilution
protocols offer procedural simplicity and minimal sample
handling, the elevated matrix effects observed in this study
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Fig. 6 Comparison of extracted ion chromatograms for the 15 targeted methylated nucleosides in urine samples prepared using 1: 50 dilution

(dashed line) and TOT-uSPE (solid line).
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could compromise analytical reliability without the imple-
mentation of adequate calibration or internal standard correc-
tion. TOT-uSPE, therefore, represents a more analytically sound
option for minimizing matrix-induced variability and
improving data quality in quantitative LC-MS-based biomarker
analysis.

Overall, the optimized TOT-uSPE protocol significantly
improved analytical performance compared to the reference
method, achieving high recoveries, minimizing matrix effects
and substantially improving sensitivity for low-abundance
analytes such as m°A, m®U, or m®A. These results demon-
strate that careful optimization of the sorbent type, elution
conditions and air aspiration step is key to obtaining reliable
enrichment and accurate quantification of mNSs in complex
biological matrices.

In summary, the optimized TOT-uSPE method provides
a high-efficiency cleanup that is essential for the analysis of
complex urine matrices. When compared to mainstream
sample preparation techniques, this approach offers several
practical advantages. Unlike the traditional cartridge-based
SPE, which typically requires larger sample volumes and
higher solvent consumption, TOT-uSPE operates at a micro-
scale, reducing both environmental impact and cost per anal-
ysis. Furthermore, while online SPE systems provide a high
degree of automation, they require costly specialized instru-
mentation and complex maintenance. The proposed tip-on-tip
platform provides a well-balanced compromise between
analytical performance and operational simplicity, making it
a robust alternative for high-throughput routine clinical anal-
ysis. Additionally, the analytical figures of merit obtained with
the TOT-uSPE platform, particularly sensitivity and recovery
(85-120%), are highly competitive with those reported in
previous studies using more laborious techniques like tradi-
tional SPE or liquid-liquid extraction (LLE), while significantly
improving the results obtained by simple dilution.

3.5. Quantitative analysis of methylated nucleosides in urine

To evaluate the applicability of the developed method, the
fifteen selected modified nucleosides and nucleobases were
quantified in six human urine samples (U1-U6) using the TOT-
USPE sample preparation approach proposed in this study as
well as by the reference method consisting of a 1:50 sample
dilution. The results are presented in Fig. 5.

Compounds such as m'G, m'l, m'A, m®*C, m’G, and Cm
showed comparable concentrations between both methods,
with differences under 10-15% in most cases. For example, for
m'l in a representative urine sample, concentrations of 1610 +
70 nM (1 : 50 dilution) and 1690 + 90 nM (TOT-uSPE) were ob-
tained, indicating good reproducibility of the analyte with both
procedures.

Slightly higher responses were observed for compounds such
as m’Gs and Gm using the TOT-uSPE approach, which may
reflect modest differences in extraction efficiency or reduced
matrix suppression. For several low-abundance nucleosides,
including m°A, m°U, m°’C, m®A and m°G, detection was only
possible after TOT-uSPE, confirming that this method primarily

This journal is © The Royal Society of Chemistry 2026
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enhances detectability at concentration levels close to the
instrumental detection limit. Representative chromatograms
comparing both pretreatment strategies are displayed in Fig. 6.

Overall, TOT-uSPE proved to be a more sensitive and robust
strategy for profiling a wide range of modified nucleosides in
human urine. Meanwhile, direct dilution may still be suitable
for the quantification of more abundant compounds or for
rapid screening studies, due to its simplicity and speed of
sample preparation.

4. Conclusions

In this study, we developed and validated a robust and sensitive
HILIC-MS/MS method for the simultaneous quantification of
fifteen methylated nucleosides and nucleobases in human
urine. Sample pretreatment involved a tip-on-tip micro solid-
phase-extraction (TOT-uSPE) for the effective extraction and
preconcentration of methylated biomarkers. Its analytical
performance in terms of sensitivity, precision, recovery, and
matrix effects was compared to that of a direct 1:50 urine
dilution. The validation process confirmed the reliability of
both methods for routine analysis, with acceptable intra- and
inter-day precision (CV < 20%), recovery rates between 85 and
120%, and excellent linearity across all analytes. Low-
abundance compounds such as m®A, m°U, and m3A could
only be detected by the TOT-uSPE method, enabling the detec-
tion of these analytes that remained undetectable or were
significantly suppressed in diluted urine samples.

Moreover, TOT-uSPE exhibited significantly reduced matrix
effects across nearly all compounds, offering greater reproduc-
ibility and analytical reliability in complex biological samples.
These results strongly support the implementation of TOT-uSPE
as the preferred sample preparation method when high sensi-
tivity and selectivity are required, especially in biomarker
studies, clinical validation studies, and population-scale bi-
omonitoring programs.
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