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Dried urine spot (DUS) is demonstrated to be a useful microsampling technique for neopterin and creati-
nine analysis. The method was verified using samples from 12 healthy volunteers, 12 cancer patients, and
12 patients infected with the SARS-CoV-2 virus and provided results comparable to the routine reference
method. DUS samples were prepared using a simple dilute-and-shoot approach with a buffer solution
prior to analysis. The developed method requires only 10 pL samples, making it feasible for home
sampling when combined with commercially available pre-cut DUS devices with volumetric microfluidics
or capillary transfer tubes. The method is environmentally friendly as it minimizes reagent use, requires
only 110 plL phosphate buffer and no organic solvents. DUS also requires 250 times less storage space
than liquid urine. The technique also improves laboratory work safety by minimizing the use of harmful
extraction solvents. Dried samples are non-biohazardous and stable for up to 5 days at 40 °C and for
4 months at room temperature. This allows cost-effective transport via standard mail. The study also eval-
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simple using capillary transfer tubes or commercially available volumetric microfluidic devices. When inte-
grated with telemedicine, this microsampling approach can reduce unnecessary hospital visits for patients
rsc.li/greenchem and improve patient access to clinical testing.

Green foundation

1. The study proposes dried urine spot sampling for neopterin and creatinine analysis, reducing urine and buffer volumes tenfold compared to conventional
method. It minimizes biohazard waste generation and eliminates toxic reagents, lowering chemical exposure risks for lab staff.

2. The method significantly reduces energy consumption throughout the healthcare process by minimizing storage space requirements and eliminating the
need for temperature-controlled transport. This enables cost-effective shipping via standard mail or courier services. Moreover, its compatibility with home
sampling supports telemedicine initiatives and improves healthcare accessibility, particularly for patients in remote areas.

3. The successful application of the method to real patient sample ensures clinical feasibility potential for broader healthcare implementation. Future
research could enhance its greenness by exploring fully biodegradable sampling devices, automating low-energy extraction, and integrating point-of-care
testing to simplify workflows and further reduce environmental impact.

Introduction

Sample collection and preparation are the critical steps in
bioanalysis. Conventional sampling techniques often require
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Liquid samples have several drawbacks during shipping and
storage, including the risk of leakage, reliance on cold chain
transportation, controlled low-temperature storage, and the
need of a large storage capacity.”

Currently, the microsampling techniques are increasingly
being used to reduce sample volume, enabled by improve-
ments in analytical instrumentation and methodologies.®
These techniques minimize the ratio of extraction solvent to
sample volume compared to classical approaches. In line with
the principles of green analytical chemistry, microsampling
increases the environmental friendliness of the method and
reduces the exposure of laboratory personnel to harmful sol-
vents. In addition, microsampling is widely used in clinical
research and practice because it is time-saving, cost-effective,
and less invasive nature.*

Dried matrix spot techniques, such as dried blood spots
were introduced in 1963 for large-scale screening of phenylke-
tonuria.> However, dried spot techniques are not limited to
blood. They are used as an alternative sampling technique for
urine, a method called dried urine spot (DUS). It offers non-
invasive sampling while simplifying sample shipment and
storage. The DUS samples can be stored at room temperature
and require minimal storage space.

Human urine can be classified as potentially infectious
material if it is visibly contaminated with blood or if originates
from individuals with urinary tract infections (categorized as
risk group 2 microorganisms).®® In contrast, blood samples
may contain pathogens with higher infection risk (risk group
3), such as the human immunodeficiency virus, the hepatitis B
virus, the hepatitis C virus, and the Mycobacterium tuberculo-
sis.® The inherently lower biohazard risk of urine, combined
with the reduced infectious potential of the dried matrix
samples, classifies the DUS sample as non-hazardous material.
This allows for shipment via regular mail or courier
services.'”! In-house sampling is possible, eliminating indir-
ect costs associated with hospital visits, which is particularly
beneficial for people living in remote areas."” For quantitative
analysis, volumetric microfluidic devices are integrated into
dried matrix sampling technique to precisely determine the
microscale sample, improving analytical accuracy.'®
Nevertheless, variation in small volume sampling and analysis
remains a challenging task in this field. The sensitive analyti-
cal method is required due to the limited concentration of
analyte in defined sample volumes.

Neopterin, a pteridine derivative, is catabolized from gua-
nosine triphosphate (GTP) by GTP cyclohydrolase I, an enzyme
induced by interferon-gamma, a Th1 type cytokine. Neopterin
serves as a marker of immune system activation and its levels
are elevated in the early stages of diseases associated with
inflammation." Quantification of urinary neopterin concen-
trations is a widely accepted method for assessing inflam-
mation levels in various pathological conditions, including,
trauma,'® cardiovascular disease,'® renal disease,'” rheumatic
diseases,'® cancer,'® and infections caused by bacteria, para-
sites, and viruses.>>*! In addition, it has been used to predict
disease severity and prognosis, which has important impli-
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cations for clinical practice. Urinary neopterin levels are sig-
nificantly elevated in patients with benign and malignant
tumors. Numerous studies have demonstrated the usefulness
of relating disease progression, predicting complications, and
assessing prognosis and survival with neopterin levels. For
example, high urinary neopterin levels are associated with
advanced stages of cancer, such as metastasis and recurrence,
in breast and colorectal cancers. These levels are elevated in
approximately 80% of patients diagnosed with ovarian
cancer.'»'®?> Elevated levels have also been observed in
gastric, pancreatic, cholangiocarcinoma, and gallbladder
cancer, serving as long-term prognostic indicators.>® In hepa-
tocellular carcinoma, neopterin levels correlate with tumor
size and survival outcomes.** As we have previously published,
neopterin is one of the biomarkers used to classify SARS-CoV-2
virus (COVID-19) patients based on their risk of death, helping
to prioritize intensive care resources.”® After the fourth and
seventh days of hospitalization, neopterin concentration
decreased significantly due to treatment or the natural disease
progression. However, it increased in patients with subsequent
post-COVID syndrome.> Creatinine, a nitrogenous compound
produced by the breakdown of creatine in muscles, is excreted
through the kidneys and is commonly used to estimate the glo-
merular filtration rate. In urinary neopterin studies, the neop-
terin-to-creatinine ratio is used to correct for variability of indi-
viduals’ hydration status and urine concentration.>® Therefore,
simultaneous measurement of both analytes is necessary for
accurate clinical interpretation.

Several approaches to the analysis of neopterin and creati-
nine in urine have been reported since the 1970s, often using
a simple dilute-and-shoot sample preparation technique.?”
Although the conventional techniques provide accurate and
precise results, they require minimum sample volume of
100 pL.

To the best of our knowledge, no study has reported the
methods for the analysis of neopterin and creatinine in DUS
that are simple and economical for sample collection and
transport. From a holistic perspective, the environmental
impact and practicality of analytical method were evaluated via
greenness using AGREE*® and BAGI*® software. We demon-
strate the application of our approach to real life samples
obtained from healthy volunteers, patients infected with the
SARS-CoV-2 virus, and cancer patients whose matrices are
more complex due to diseases and medications.

Experimental section

Chemicals and reagents

Neopterin (>97.5%), and creatinine (>97.5%), were obtained
from Sigma  Aldrich (Darmstadt, Germany). 6,7-
Dimethylpterine was purchased from Cayman Chemical
(Michigan, USA). HPLC grade methanol and acetonitrile were
acquired from Honeywell (North Carolina, USA). Dibasic pot-
assium phosphate trihydrate (K,HPO,-3H,0) and potassium
dihydrogen phosphate (KH,PO,) from Merck (Darmstadt,

This journal is © The Royal Society of Chemistry 2025
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Germany) were used for buffer preparation. Ultrapure water
was produced by the Ultrapure Water System, Goro (Prague,
Czech Republic).

Standard and buffer preparation

Stock solutions of neopterin (200 pmol L7%), creatinine
(500 mmol L), and 6,7-dimethylpterin (50 pmol L") were
prepared by accurately weighing and dissolving these sub-
stances in purified water. The internal standard, 6,7-dimethyl-
pterin, was further diluted to 5 pmol L™" in methanol to allow
for rapid evaporation after spiking on the DUS. Stock and
diluted internal standard solutions were stored at —20 °C.

Working standard solutions were freshly prepared on the
day of analysis by dilution with ultrapure water to the desired
concentrations using and stored at 4 °C until use.

For the mobile phase, a stock solution of 1 mol L™" phos-
phate buffer was prepared by dissolving 57.1 g of dibasic pot-
assium phosphate trihydrate and 102.0 g of potassium dihy-
drogen phosphate in 1 L of ultrapure water. The working
mobile phase (15 mmol L™, pH 6.45) was prepared freshly on
the day of analysis by appropriate dilution.

Chromatographic condition

Chromatographic separations were carried out on a Shimadzu
Prominence (Kyoto, Japan) and adapted from our previous
study.”® The LC 20 HPLC system was equipped with a
SPD-M20A diode array and a RF-10 AXL fluorescence detector.
Separation was performed using Chromolith® SpeedRod
RP-18e, 50 x 4.6 mm connected to Chromolith® Performance
RP-18¢, 150 x 3.0 mm with guard column. The column oven
was maintained at 25 °C.

Gradient elution used 15 mmol L™' phosphate buffer
(pH 6.45) as eluent A and acetonitrile as eluent B at a flow rate
of 1.0 mL min~". The gradient started at 0% eluent B for
1.5 min, increased to 7% eluent B in 0.5 min, held at 7% B for
2.2 min, and returned to the initial conditions at 0% B. The
total run time was 8 min, with an injection volume of 1 pL.

The fluorescence detector was programmed at 353 nm exci-
tation and 438 nm emission wavelengths to detect neopterin
and the internal standard, while creatinine was detected at
235 nm using the diode array detector.

Clinical sample analysis

To ensure the applicability of the developed method in the
clinical practice, its effectiveness was evaluated by determining
the levels of neopterin and creatinine levels in healthy volun-
teers as well as in hospitalized patients infected with COVID
and cancer patients. Urine samples were collected from 36
individuals over the age of 18. The healthy volunteers included
4 males and 8 females without any serious medical conditions.
There were 12 SARS-CoV-2-infected patients who had been hos-
pitalized due to the disease. The remaining 12 patients had
various primary tumors (e.g., distal esophageal cancer, colon
cancer, stomach cancer, pancreatic cancer, and rectal cancer)
who were undergoing treatment. All of these patients were

This journal is © The Royal Society of Chemistry 2025
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treated at the University Hospital Hradec Kralove, Czech
Republic.

All experiments were performed in accordance with the
World Medical Association Declaration of Helsinki and the
International Ethical Guidelines for Health-related Research
Involving Human.?'*?> Experiments were approved by the
ethics committee at University Hospital Hradec Kralove, Czech
Republic (protocol numbers 202007S01P, 202011P04, and
202411P16). Informed consents were obtained from human
participants of this study. Urine samples were aliquoted into
the microcentrifuge tubes and stored at —80 °C until analysis.

Sample processing

For the reference method, as described by Holeckova et al.,*®
100 pL of urine was spiked with the internal standard stock
solution (50 pmol L"), centrifuged at 14 100 g for 45 seconds,
diluted 1:10 with eluent A. Finally, 170 pL of the extract was
filtered onto a microtitration plate.

For the DUS preparation, 10 pL of urine was spotted on a
pre-cut Whatman 903 Protein Saver card filter paper (Cytiva,
Marlborough, USA). To simulate home sampling in different
locations, the samples were dried at room temperature in the
dark and in opened air for 2.5 h. After drying, 5 pL of the
diluted internal standard (5 pmol L") was applied. The ana-
Iytes were extracted using 110 pL of eluent A aided with
shaking for 5 min. The extract was then filtered into a microti-
tration plate.

Method validation

The method was validated according to the commonly used
bioanalytical validation guideline, the European Medicine
Agency (EMA)** and the US Food and Drug Administration
(FDA)*® guidelines. Parameters including selectivity, lower
limit of quantitation (LLOQ), limit of detection (LOD), linear-
ity, precision, and accuracy were evaluated. Long term stability
and shipping condition simulation were also assessed.

System suitability test. System suitability parameters (e.g,
theoretical plate count, symmetry factor, and resolution) were
determined for instrument performance according to ICH Q2
(R2) guideline.’® Retention times and peak area repeatability
were evaluated by injecting standard mixture and biological
sample 6 times. The relative standard deviation (%RSD) of the
peak area was determined. The sample contained neopterin
3000 nmol L™! and creatinine 12 mmol L™*, while the standard
mixture solutions contained neopterin 2300 nmol L™' and
creatinine 8.4 mmol L™,

Selectivity. Selectivity was verified by comparing chromato-
grams of standard solution, unspiked urine, and spiked urine
samples to ensure the ability of the method to differentiate
and measure the analytes or internal standard in the presence
of interference from biological matrix.

Limits of quantitation, linearity, and calibration curve. The
LLOQ was established based on the lowest concentration with
an acceptable quantification. Therefore, the accuracy and pre-
cision were evaluated at the LLOQ concentration. In addition,
the LOD was also set based on the lowest concentration that

Green Chem., 2025, 27, 1007-11020 | 11009
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could be accurately detected. Eight concentration levels of
mixed standards of neopterin and creatinine, spiked with the
internal standard, were prepared. For neopterin, two cali-
bration ranges were constructed using the upper and lower six
concentration levels. The calibration curve for creatinine was
constructed using all eight concentration levels. These solu-
tions were diluted with the extraction solvent according to the
extraction procedure of DUS and evaluated the linearity was
evaluated by the least squares method. The diluted standard
stock solutions were used as the standard calibration curve.

Accuracy and precision. The precision of the method was
expressed as %RSD of the peak area for injection, concen-
tration, and extraction repeatability. Accuracy was calculated as
the percentage bias between the concentration determined by
the DUS method and that obtained by the reference method.
These evaluations were performed as part of the extraction
recovery assessment. Within-run precision and accuracy were
evaluated by analysing of five samples per four concentration
levels (LLOQ, low, medium, and high quality control (QC)) ana-
lyzed by the developed method against the reference method.
While between-run precision and accuracy were conducted by
analysis of 3 independent runs. At the LLOQ level, the sample
contained 55 nmol L™" of neopterin and 1.0 mmol L™" of crea-
tinine. LowQC level contained 750 nmol L™ neopterin and
4 mmol L™ creatinine. MidQC level contained 3000 nmol L™
neopterin and 12 mmol L™ creatinine. HighQC level con-
tained 5000 nmol L™ neopterin and 18 mmol L™ creatinine.

Stability study. The stability of these analytes in DUS
samples was studied at low and high concentration levels
corresponding to low and high QC, respectively. It was deter-
mined after storage at +40, +20, +4, —20, and —80 °C. To
ensure a sufficient quantity was available for the entire dur-
ation under all tested conditions, pooled liquid urine samples
were used to prepare the dried spots. Alternatively, the
samples were stored in a resealable low-density polyethylene
Zip Lock bags with desiccant packs to prevent moisture
accumulation. The DUS samples were extracted by the
described procedure and immediately analyzed as the initial
point. This value was considered as 100% and further analysis
were related to this value.

Analytical method global assessment

Greenness. The environmental impact and human safety
were evaluated using AGREE, the open source analytical green-
ness matric software. Each of the 12 green analytical chemistry
principles were converted to a 0-1 scale and displayed on a
red-yellow-green color scale. These principles include direct
analytical technique, minimum sample size, in situ measure-
ment, number of analytical steps and reagents used, auto-
mated and miniaturized method, derivatization, waste, multi-
analysis, energy consumption, reagents from renewable
sources, toxic reagents, and operator safety. The pictogram of a
clock-like graph with an overall score in the middle reflects the
greenness of the method. A red-colored zero represents the
worst overall greenness performance, while green-colored one
represents the best overall greenness performance. Each per-
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formance criterion was reflected by the color in the numbered
segment with the number around the inner circle. The width
of each corresponding segment was related to the assigned
weight of that criterion, and the color indicated its
performance.?®

Blueness. The blue applicability grade index (BAGI) metric
was used to evaluate the blueness or the practicality of the
analytical method. Ten attributes are evaluated, including type
of analysis, number of analytes, instrumentation, sample
throughput, sample preparation, analysis per hour, reagents/
materials used, preconcentration, degree of automation, and
amount of sample. The evaluation is presented in the BAGI
index pictogram with the blue shades and the overall evalu-
ation score in the center. The colors dark blue, blue, light
blue, and white indicate the compliance with the set criteria.
While the score from 0 to 100 points represents the applica-
bility of the method. A score 100 means that the method can
be considered as a practical analytical method.*®

Results and discussion

Optimization of chromatographic conditions and sample
preparation

We modified our routine analytical method®® to achieve
optimal separation of neopterin, creatinine, and the internal
standard. Based on the native fluorescent nature of neopterin
and internal standard, they were detected using fluorescence
detector at 353 nm excitation and 438 nm emission.
Creatinine was monitored using a diode array detector at
235 nm.

The stationary phase comprised a Chromolith® SpeedRod
RP-18¢, 50 x 4.6 mm connected to a Chromolith®
Performance RP-18e, 150 x 3.0 mm with guard column. The
mobile phase composition and flow rates were optimized.
Starting conditions were based on previous literature,?”*°
using 15 mmol L' phosphate buffer (pH 6.45) with isocratic
elution. The flow rate was initially set at 1.0 mL min™’,
increased to 3.5 mL min~! at 3 min, and continued until the
end of the analysis at 5 min. The C18 monolith column was
selected for its high separation efficiency at a low back
pressure. To improve the eluting power for the non-polar
internal standard, acetonitrile was added to the mobile phase.
The goal of the optimization was to achieve the shortest run
time with acceptable separation of the target analytes, suitable
for high throughput analysis in clinical research and practice.

We started with the mobile phase composition as described
above. Neopterin eluted at 2.5 min, and creatinine at 2.0 min.
However, the internal standard was retained on the C18
sorbent until 10.5 min. We tested isocratic elution at a flow
rate of 1 mL min~" using organic solvent, acetonitrile at 3, 5,
and 10%. The latter percentage resulted in neopterin and crea-
tinine eluting around 1.6 min. This was close to the dead
volume, with coelution to the accompanying interferences in
real life samples. Subsequently, a linear gradient of aceto-
nitrile (2.75 to 4 min) was tested to increase the eluting power

This journal is © The Royal Society of Chemistry 2025
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after neopterin and creatinine were eluted to not change their
retention times. The flow rate was changed from 1 to 3.5 min
mL™" at 2.75 min. However, we observed the synchronous
noise in the chromatograms when acetonitrile was introduced
with changed flow rate. In the gradient elution, we tested
different percentages of acetonitrile from 3, to 5, to 10%, while
the flow rate was fixed at 1 mL min~'. We observed the best
separation of both analytes and internal standard when 5% of
acetonitrile was used with 15 min analysis time.

To shorten the run time, we tried to move internal standard
peak from 8.5 min close to both target analytes by optimizing
the gradient profile. We found out that 7% of acetonitrile with
gradient elution as described in the Experimental section
showed the best separation with the satisfying run time 8 min.
The chromatograms of the standard solution and the real DUS
sample are shown in Fig. 1 and 2, respectively.

For sample preparation, we modified our routine procedure
by reducing the extraction solvent, 15 mmol L~" phosphate
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buffer pH 6.45, to maintain a similar dilution factor. Vortex
mixing was performed for 5 min to improve the extraction
efficiency. The extracts were then filtered through a 0.2 pm
polypropylene filter.

Method validation

System suitability test. The number of theoretical plates,
symmetry factor, and resolution were determined. The repeat-
ability of injections for both standards and biological samples
was confirmed, with RSD values of peak area in standard solu-
tion and sample shown to be less than 1%, ensuring consist-
ent performance. All of these parameters are summarized in
Table 1. These figures and table confirm the selectivity of the
developed method for quantifying the target analytes with
good resolution, reasonable retention times, and symmetrical
peak shapes.

Selectivity. As illustrated in Fig. 1 and 2, the retention times
of creatinine, neopterin, and internal standard were 2.1, 2.6,
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Fig. 1 Chromatographic separation of neopterin, creatinine, and the internal standard (6,7-dimethylpterin) in a real dried urine spot sample from a
healthy volunteer using (A) fluorescence detection and (B) photodiode array detection. Chromatographic conditions: column: Chromolith®
SpeedRod RP-18e (50 x 4.6 mm) connected to Chromolith® Performance RP-18e (150 x 3.0 mm) with a guard column; gradient elution with eluent
A (15 mmol L™ phosphate buffer pH 6.45) and eluent B (acetonitrile); 0%B (0—1.5 min), linear gradient 0—7%B (1.5-2.0 min), 7%B (2.0—4.2 min), 0%B
(4.2-8.0 min); flow rate 1.0 mL min~%; column temperature 25 °C; injection volume 1 pL; total run time 8 min.
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Fig. 2 Chromatographic separation of neopterin, creatinine, and the internal standard (6,7-dimethylpterin) in a standard solution using (A) fluor-
escence detection and (B) photodiode array detection. Chromatographic conditions: column: Chromolith® SpeedRod RP-18e (50 x 4.6 mm) con-
nected to Chromolith® Performance RP-18e (150 x 3.0 mm) with a guard column; gradient elution with eluent A (15 mmol L™ phosphate buffer pH
6.45) and eluent B (acetonitrile); 0%B (0—1.5 min), linear gradient 0-7%B (1.5-2.0 min), 7%B (2.0-4.2 min), 0%B (4.2-8.0 min); flow rate 1.0 mL
min~%; column temperature 25 °C; injection volume 1 pL; total run time 8 min.
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Table 1 System suitability parameters for the developed HPLC-FLD/
DAD method. Chromatographic conditions: column: Chromolith®
SpeedRod RP-18e (50 X 4.6 mm) connected to Chromolith®
Performance RP-18e (150 x 3.0 mm) with guard column; gradient
elution: eluent A (15 mmol L™ phosphate buffer pH 6.45), eluent B
(acetonitrile); 0%B (0—1.5 min), linear gradient 0-7%B (1.5-2.0 min), 7%B
(2.0-4.2 min), 0%B (4.2—8.0 min); flow rate 1.0 mL min~%; column temp-
erature 25 °C; injection volume 1 pL; total separation time 8 min

Standard solution Dried urine spot sample

Neopterin Creatinine Neopterin Creatinine

Retention time 2.660 2.097 2.738 2.138
(min)

Resolution 8.319 2.390 1.558 1.750
Number of 2772 2856 2722 2870
theoretical plates

Symmetry factor 1.499 1.792 1.403 1.849
Repeatability of 0.48 0.34 0.51 0.32
peak area (%RSD)

(n=6)

RSD: relative standard deviation. “ Dried urine spot sample contained
neopterin 3000 nmol L and creatinine 12 mmol L™, standard solu-
tion contained neopterin 2300 nmol L™" and creatinine 8.4 mmol L™".

and 5.6 min, respectively, in both standard solutions and real
DUS samples. Adequate separation from other auxiliary peaks
was verified in these chromatograms with the chromato-

Table 2 Calibration curve and limits

Analytes Neopterin Creatinine

55-2750 nmol L™* 1.1-220 mmol L™
275-11 000 nmol L™*
Y = 0.00011X — 0.00072

Y =0.00011X — 0.00164

Calibration range

Regression equation Y =36234X + 3167.31

r 0.9997 1.0000
1.0000

LOD 40 nmol L™* 0.25 mmol L™*

LLOQ 55 nmol L™* 1.0 mmol L™*

r: correlation coefficient, LOD: limit of detection, LLOQ: lower limit of
quantitation.

Table 3 Within-run and between-run precision and accuracy
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graphic parameters given in Table 1. These figures and table
confirm the selectivity of the developed method for quantify-
ing the target analytes with good resolution, reasonable reten-
tion times, and symmetrical peak shapes.

Limits, linearity, and calibration curve. The LODs were
40 nmol L™ for neopterin (%RSD 6.17% for within-run pre-
cision and 6.71% between-run precision), and 0.25 mmol L™
for creatinine (%RSD of with-in run precision = 1.04%j;
between-run precision = 0.70%). The LLOQ were 55 nmol L™
for neopterin and 1.0 mmol L™" for creatinine. Both values are
below the physiological levels found in urine.””*”-*® Therefore,
our developed method is sufficiently sensitive to detect and
quantify both analytes in the DUS sample. The calibration
curve was prepared by spiking standards in ultrapure water.
Creatinine showed a linear relationship over 1.1-220 mmol
L', with a correlation coefficient (r) of 1.0000. Neopterin
showed a linear relationship over two ranges: 55-2750 and
275-11 000 nmol L™, with r of 0.9997 and 1.0000, respectively.
Table 2 summarizes the calibration ranges, equations, r, and
limits for the target analytes.

Accuracy and precision. Table 3 summarizes precision, accu-
racy, and recovery of extraction. Precision was evaluated by
within-run and between-runs, as indicated by %RSD. All
values for LowQC, MidQC, and HighQC were found to be
<15%, while <20% at LLOQ. Accuracy, expressed as %bias, is
calculated from the determined concentration analyzed by the
developed method from the reference method expressed accu-
racy, while the extraction recovery which is reported as the %
recovery from the reference method. These creatinine concen-
trations corresponded to the physiological levels in urine
(4.4-18.0 mmol L™").>® The neopterin concentrations covered
the physiological neopterin-to-creatinine ratio in adults and
children  (97.0-168.0 pmol mol™!, equivalent to
426.8-3024.0 nmol L™" of neopterin).>”*” Furthermore, higher
neopterin level has also been validated as a marker of
increased inflammation in patients. Within-run and between-
runs accuracy were also reported with %bias less than 20% at
LLOQ and less than 15% for other concentrations. All of these
values met the acceptance criteria specified in the EMA guide-

Neopterin (nmol L™")

Creatinine (mmol L")

LLOQ LowQC MidQC HighQC LLOQ LowQC MidQC HighQC

Concentration from reference method 52.70 826.22 3124.70 5335.73 0.90 4.13 11.98 17.97
Within-run (n = 5)

Mean concentration 49.70 871.36 3260.83 5552.95 0.93 4.26 12.59 18.51
Precision, %RSD 1.76 1.39 2.38 1.39 0.09 0.92 1.95 1.19
Accuracy, %Dbias 5.68 0.92 0.51 0.00 3.79 1.22 2.28 0.99
Extraction recovery, % 94.32 100.92 100.51 100.00 103.79 101.22 102.28 100.99
Between-run (n = 3)

Mean concentration 49.72 847.76 3237.74 5306.92 0.92 4.13 12.04 18.19
Precision, %RSD 3.00 4.78 4.49 3.91 1.38 2.80 3.63 2.24
Accuracy, %bias 5.65 2.61 3.62 0.54 2.51 0.11 0.55 1.23
Extraction recovery, % 94.35 102.61 103.62 99.46 102.51 100.11 100.55 101.23

LLOQ: lower limit of detection, LowQC: low quality control level, midQC: middle quality control level, highQC: high quality control level.
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line.>* The %RSD and %bias at the LLOQ of neopterin were
higher than those of creatinine because the neopterin LLOQ
was lower than that of creatinine LLOQ. This difference in
LLOQ concentration affects the accuracy and precision of neop-
terin measurements at lower concentrations compared to crea-
tinine measurements. Our results demonstrate that the DUS
samples are a feasible substitute for traditional liquid urine
samples for quantifying neopterin and creatinine levels. DUS
is similarly reliable and accurate, with a percentage bias below
5.68%. Moreover, several studies have demonstrated the effec-
tiveness of DUS in analyzing a wide range of medications with
high accuracy.’**° However, due to their reduced urine
volume, DUS samples may yield lower signal intensity com-
pared to liquid urine analysis, which can affect the identifi-
cation of certain substances.*!

Stability study. As mentioned above, the DUS gained advan-
tage in stability over the conventional sampling method. Fig. 3
shows the stability study of DUS under different storage con-
ditions. The general storage conditions of biological sample in
freezer (—80 and —20 °C) and in refrigerator (+4 °C) were
tested. Moreover, we simulated the shipping condition by
storing the DUS sample at +20 °C of room temperature to
prove that it can be sent by mail. In addition, stability at
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+40 °C for a short time was also tested mimicking daytime
transport in summer. The results of long-term stability show
that the DUS samples did not exhibit more than 15% change
at —80, —20, +4, and +20 °C during the first four months. The
sample was also stable at +40 °C for 5 days with the changes
less than 10%. After 4 months of storage, samples kept at
+4 °C and room temperature exhibited significant changes in
neopterin levels exceeding 15% at both concentrations.
Meanwhile, samples with low concentrations that were stored
at —80 and —20 °C remained stable. Wachter et al. reported
that neopterin was stable in urine samples when protected
from light for six months at —20 °C, for two weeks at 4 °C, and
for two days at room temperature.”” Clearly, the stability in the
DUS format improved during transport and storage, thus
making DUS a viable alternative for neopterin and creatinine
analysis.

Application

To evaluate the usefulness of the analytical method in clinical
research and practice, patient samples with complex matrices
reflecting disease progression and the effects of various drugs
were tested. No interferences were observed in the retention
times of the target analytes. In addition, neopterin and creati-

120
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=X 100 =
90
80
0 1 2 3 4 5 7 15 30 90 120180
Day
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__________________________________ D.
110
® 100 ——==——-</>§
90
80
0 1 2 3 4 5 7 15 30 90 120180
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Fig. 3 Stability profiles of neopterin, and creatinine in dried urine spot samples stored at —80 °C (black line), —20 °C (dark blue line), +4 °C (light
blue line), room temperature (pink line), and +40 °C (red line). Stability data for low concentration sample: (A) neopterin (750 nmol L™) and (B) crea-
tinine (4 mmol L™%); and high concentration sample: (C) neopterin (5000 nmol L™ and (D) creatinine (18 mmol L™%). The initial values (day 0) were

set to 100%.
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nine were quantified in DUS samples obtained from healthy
volunteers, COVID-19 patients, and cancer patients (n = 12 per
group). In urinary neopterin studies, the neopterin-to-creati-
nine ratio is used to account for variation in individual
hydration status and urine concentration. The results are
shown in Table 4.

We compared the results obtained from the DUS samples
with those obtained by the reference method using Bland-
Altman plots as illustrated in Fig. 4. This statistical approach
is recommended for evaluating the degree of agreement
between two measurement methods in medical laboratories
because it focuses on the differences rather than relationships
between variables. Correlation analysis, on the other hand,
assesses relationships between variables and is not suitable
for evaluating method comparability. The differences between
the two measurements were plotted against their means. The
plots of neopterin, creatinine, and their ratio showed a
random distribution of the data points and the majority of
data points were within +2 standard deviation of the mean
difference. These results indicate that the DUS method is not
different from the reference method, and both methods can
be used interchangeably.”> However, a paired t-test was also
used to compare the DUS method to those of the reference
method. P-Values greater than 0.05 indicated no significant
difference (0.42 for neopterin, 0.88 for creatinine, and 0.47 for
the neopterin-to-creatinine ratio).

Quantitative analysis requires precise and accurate volume
sampling to minimize the analytical bias. Filter paper without
volumetric device, such as the Whatman 903 card, requires
additional volume metering tools, such as pipette and capil-
lary transfer tube." The commercial options with volumetric
microfluidic chip such as the HemaXis DB10 (Hemaxis,
Switzerland) and Capitainer-B qDBS (Capitainer, Sweden),
offer greater convenience for home sampling patients.

Although inaccurate sampling is overcome by the microflui-
dic chip, the visibility of the dried urine spot is also proble-
matic when the dried spot has to be subpunched as shown in
Fig. 5. Therefore, the pre-cut filter paper like Capitainer-B qDBS
is more recommended to be easier for cutting after sampling
and more convenient for downstream analysis. This commercial
option was tested using samples from healthy volunteers,
COVID-19, and cancer patients (n = 2 per group), and the results
are shown in Table 5. A paired samples t-test revealed no signifi-
cant differences (p > 0.05) in the concentrations of neopterin,
creatinine, or the neopterin/creatinine ratio between the
Capitainer-B qDBS method and the reference method.

View Article Online

Green Chemistry

780.00

A
§%
I
5
g 38000 [ _____________ o .. +28D
oo
§¢2 .
; g = ' ° Mean of difference
§e 2 -20.00 M .
©
85< . ________-28D
£9 42000
=)
o
5§ s
5 [
£2 82000
= 0 2500 5000 7500 10000
Average neopterin concentration from DUS and
reference methods (nmol/L)
1.50 >
58 &
. A P PRI >
S ° *
28 050 L ' T
8 5 I.I [ ) .. Mean of difference|
2o °
03 o %y o % L )
g2k o ©
58— 050 | - ____- -2SD
<2
Y=
ec
o D
22
52 -1.50
0 5 10 15 20
Average creatinine concentration from DUS and
reference methods (mmol/L)
60.00
Re]
58 ¢ .
29 +2SD
€E 80.00 po===s=== @=@=c=o=sscsscnssansss
=0
S0
£ ..g g L ®  Mean of difference)
23 0.00 o
QT Y [ J
8 SE s o ©
w=
£ -28D
o0 -30.00 [Tt T T T T oo m s s m e e
c
(o] .
€5
oo -60.00
0 200 400 600 800

Average neopterin/creatinine ratio from DUS and
reference methods (mmol/mol)

Fig. 4 Bland—Altman plots comparing results from dried urine spot
samples and the reference method for (A) neopterin concentration, (B)
creatinine concentration, and (C) neopterin/creatinine ratio (SD = stan-
dard deviation).

Table 4 Concentration ranges of neopterin and creatinine in samples obtained from healthy volunteers, COVID-19, and cancer patients using dried

urine spot sampling technique

Analyte

Healthy volunteers (n = 12)

COVID-19 group (n = 12) Cancer group (n =12)

Concentration range

Neopterin (nmol L™")

Creatinine (mmol L)

Ratio

Neopterin/creatinine ratio (mmol mol ™)

893.20-5139.80
4.54-21.54

102.19-374.28

1014 | Green Chem., 2025, 27, 1007-11020

546.37-10922.03
4.67-22.00

309.79-2973.43
1.43-14.09

100.48-964.94 129.94-637.02
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Whatman 903 Protein Saver
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Whatman 903™|  Whatman 903™
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Capitainer-B qDBS
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Fig. 5 Urine collection and drying using three commercially available
sampling devices: Whatman 903 Protein Saver card, HemaXis DB10, and
Capitainer-B qDBS. Images show samples at time 0 and after 2.5 hours
of drying.

DUS sampling is less invasive than DBS and dried plasma
spot techniques because it does not require the use of a lancet
for sample collection. Additionally, the simpler urine matrix in
DUS contains fewer interfering substances such as proteins,
lipids, and cells, which simplifies the sample extraction
process. These characteristics reduce the need for complex lab-
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oratory equipment and decrease solvent consumption. Sample
heterogeneity is lower in DUS because urine is not affected by
hematocrit. Although volumetric absorptive microsampling
(VAMS) has also been used to collect urine,** the lower vis-
cosity of urine compared to blood may lead to over-adsorption
or inconsistent volume uptake, which could affect the accuracy
of the analysis. In contrast, when DUS is prepared using a stan-
dardized microfluidic compartment to control spot volume, it
offers reproducible and homogeneous analyte distribution
with minimal variability.

Several challenges may affect the accuracy and reliability of
analytical results when implementing volumetric DUS
sampling to clinical research and practices. Certain analytes
may strongly adsorb to the disc. Special solvents or condition
are needed for efficient extraction and reproducible results.
These issues can be evaluated through comprehensive
method validation. Matrix effect is a common challenge in
bioanalysis. However, the filter paper discs also increase
matrix complexity, due to fluctuations in urine pH, ionic
strength, and other compounds excreted in urine. Drying the
discs in open air can degrade analytes leading to inaccurate
quantification and making stability studies essential. Lastly,
DUS use in clinical setting is limited due to insufficient clini-
cal validation. Fewer biomarkers have been validated using
the volumetric DUS than with liquid urine samples. In our
study, we addressed these potential limitations through
targeted experimental design, which did not significantly
impact our results.

In addition to technical considerations, patient compliance
and sample collection techniques may differ, especially in
home sampling scenarios. For certain populations, such as the
elderly or individuals with mobility issues, applying 10 pL of
urine to the sampling device can be difficult, especially when
using a capillary transfer tube with the Whatman 903 card.
Therefore, volumetric DBS devices that are equipped with an
overflow mechanism, such as the Capitainer-B qDBS, are rec-
ommended due to their ease of use. Moreover, integrating
DUS sampling into the clinical workflow may require
additional staff training, and regulatory approval. Analytical
and clinical validation must be conducted across diverse popu-
lations, analytes, and clinical settings. Usability studies and
clear instructions are important.

Table 5 Concentration of neopterin and creatinine in collected samples using reference and DUS Capitainer-B qDBS methods

Neopterin concentration (nmol L™")

Creatinine concentration (mmol L™")

Neopterin/creatinine ratio (mmol mol™")

Reference DUS Capitainer-B Reference DUS Capitainer-B Reference DUS Capitainer-B

Sample method qDBS method gDBS method gDBS

1 2386.00 2344.08 21.50 21.32 110.98 109.95

2 2589.00 2568.98 16.40 16.08 157.87 159.76

3 2620.18 2615.39 13.19 12.98 198.65 201.49

4 1836.95 1867.40 13.04 13.37 140.90 139.67

5 558.08 561.76 4.16 4.34 134.02 129.44

6 2271.66 2294.78 3.53 3.65 643.51 628.71

p-Value 0.892 0.902 0.332

This journal is © The Royal Society of Chemistry 2025
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Analytical method global assessment

In addition to considering analytical efficiency through the
validation, we evaluated the environmental impact and practi-
cality of the method using AGREE and BAGI software tools. As
shown in Fig. 6, the DUS method achieved a slightly higher
greenness score than the reference method, mainly due to
miniaturization. This method aligns well with the principles
of green chemistry in several key areas, including waste
reduction, energy efficiency, and the use of safer chemicals.
The DUS method requires only 10 pL of urine, which is 10
times less than the reference and previous published
method.?””** This miniaturization significantly reduces waste
in terms of both sample volume and overall reagents and con-
sumables use. The DUS method avoids using of organic sol-
vents by employing an 110 pL aqueous buffer for dilution. This
eliminates the need for protein precipitation, liquid-liquid
extraction, or solid-phase extraction. Consequently, the quan-
tity of hazardous waste and the exposure to harmful chemicals
is minimized. The method is energy efficient because it uses a
highly sensitive fluorescence detector, eliminating the need for
sample preconcentration such as evaporation and derivatiza-
tion. Our procedure supports high-throughput analysis, allow-
ing multiple samples to be processed in parallel with a simple
5 min vortexing step. This eliminates the need for complex
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equipment for sample preparation. Furthermore, the energy
consumption throughout the entire workflow from sample col-
lection to analysis is significantly reduced compared to liquid
urine methods. The DUS samples do not require cold-chain
transport and occupy 250 times less storage space than liquid
urine samples. They can be stored in smaller, more energy-
efficient freezers. Additionally, DUS enhances laboratory
safety compared to the reference method by minimizing
the risk of spills and contamination. The reference methods
require multiple steps such as aliquoting urine from a collec-
tion vessel, adding internal standards, and transferring the
extraction solvent to liquid urine. These steps can increase
the likelihood of accidental spills, which can lead to contami-
nation of work surfaces. The use of a combustible mobile
phase and lower sample throughput were the weaknesses.
The reference method also shared strengths such as minimal
sample preparation steps, no derivatization, low waste gene-
ration, multi-analyte capability, and reduction of harmful
solvent use.

The practicality of the analytical methods was also evalu-
ated. As demonstrated with Fig. 6, DUS and reference methods
had equal blueness scores of 80 points in the BAGI tool. The
smaller sample volume requirement of the DUS method is a
significant advantage, while the reference method is character-
ized by faster analysis time.

Greenness (AGREE)

Blueness (BAGI)

Stability Storage space and

transportation

Storage space

(per sample)
g 3
Dried urine : 64 mm
spot H .
method 2 2 " Transportation
N : @
0 920 180
Storage time (days) Regular mail
Storage space
16,400 mm3
Reference 8 4
method & e Transportation
8 20
40°C % D
0 90 180} = O . O

Storage time (days)

Temperature-controlled system

Fig. 6 Comparative evaluation of the environmental friendliness (greenness), practicality (blueness), stability, storage space and transportation of
dried urine spot method and reference method. 12 principles of green analytical chemistry were evaluated including 1-direct analytical technique,
2-amount of sample, 3-in situ measurement, 4-integration of process, 5-automation and miniaturization, 6-derivatization, 7-waste generation,
8-multianalyte method, 9-energy consumption, 10-reagents from renewable sources, 11-toxic reagents, 12-safety of operator.'® 10 attributes of
blueness including: 1-type of analysis, 2-the number of analytes that are simultaneously determined, 3-the analytical technique, 4-the number of
samples that can be simultaneously treated, 5-the sample preparation, 6-the number of samples that can be analyzed per hour, 7-reagents and
materials used, 8-preconcentration, 9-automation level, and 10-amount of sample.2® *The blueness score does not include stability, storage require-
ments, and transport, which are critical for practical application.
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However, beyond the ten attributes evaluated by the BAGI
tool, the key parameters such as, stability, storage space, and
transportation were not considered to evaluate the applica-
bility of the method. If a sample degrades under certain con-
ditions without proper consideration, it may lead to inaccurate
and irreproducible results. In addition, a method that requires
a large volume of storage space may be impractical for high-
throughput or field application. Biological samples typically
require freezer storage, which consumes energy and increases
logistical complexity. Transportability is also critical, especially
for remote sampling, clinical trials, and global health appli-
cations. Liquid samples transport that relies on cold chain
logistics increases cost and complexity. We believe these
factors should be explicitly considered when evaluating the
practical real-world feasibility of an analytical method.

According to recommendations for handling liquid sample
and analyte stability,** shipping samples chilled at 4 °C within
2 weeks using cold chain system is practical in a resource-
limited setting due to the lower cost of batch shipping.
However, this method requires special packaging, reliable
freezer access, and a stable electrical supply with backup
power for the freezer. These are challenges that may be
difficult to overcome in such environments. Additionally,
sample collection usually requires patients to visits to primary
care facilities, and longer transportation times further compli-
cate logistics.” As mentioned in the stability study, DUS
samples are more stable than liquid urine samples under all
storage conditions, particularly at room temperature and at
+40 °C. DUS samples are ideal for use in low-resource settings.
They do not require cryostorage and remain stable at room
temperature for at least 4 months. This allows for storage at
primary care units and shipment to clinical laboratories without
temperature control. Due to the non-biohazard nature of the
dried matrix spots, DUS sample can also be mailed directly by
patients, with no impact from transportation delays.*®

Another challenge in routine clinical research is storage
space. Biological samples cannot be stored at room tempera-
ture due to their limited stability. The freezer, the key piece of
equipment, has limited space. For example, liquid urine
samples typically require aliquoting into the appropriate
volumes for analysis, along with backup aliquots. Batch ana-
lysis is commonly used, which increases storage demands
even more. There is also the indirect cost of storage equipment
and electricity. Typically, we store about 1 mL of urine sample
in a 1.5 mL microcentrifuge tube until the day of analysis.
Based on the dimensions of the 20 mm width and 41 mm long
tube, it each sample requires 16 400 mm?® of space. While a
DUS sample with a diameter of 8 mm requires only 64 mm?
freezer space which is 250-times reduced from storing the
liquid urine sample (Fig. 7). DUS overcomes limitation of
freezer storage by enabling ambient storage. Long-term stabi-
lity studies have confirmed the integrity of DUS samples
during extended room-temperature storage and transport.

Moreover, there are several advantages for patients.
Integrating DUS sampling with telemedicine has significant
practical potential. Due to their stability and ease of transport,

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Comparison of storage space requirements for a 1.5 mL micro-
centrifuge tube for liquid urine and a dried urine spot.

DUS samples can be collected at lower-level healthcare facili-
ties or even in settings with limited resources and then
shipped to specialized laboratories for analysis. DUS sampling
is ideally suited for monitoring discharged patients or outpati-
ents because it allows them to collect samples at home. The
samples can then be mailed to clinical laboratories, where pro-
fessionals conduct the necessary analyses. Healthcare provi-
ders can interpret the results and communicate them back to
patients via phone calls or video consultations. This approach
improves patient follow-up, reduces the need for hospital
visits, and supports continuous care efficiently and con-
veniently. This flexibility can also lead to higher participation
rates and better adherence rates in both clinical research and
routine monitoring.

DUS is particularly advantageous for patients in remote
areas, where access to clinical laboratories is limited and trans-
porting samples is difficult. It is also beneficial for disabled
patients who may have difficulty traveling to healthcare facili-
ties for routine urine collections. Patients who require frequent
monitoring, such as those with chronic diseases, organ trans-
plants, or who are on long-term medication, may also find
DUS more convenient and less burdensome.

During pandemics, DUS offers key benefits through low-
contact sample collection. This reduces the burden on health-
care facilities and minimizes the risk of disease transmission.
DUS can also contribute to personalized medicine by enabling
the remote monitoring of patient-specific biomarkers in urine.
This allows for more frequent sampling without the need for
clinic visits and supports real-time adjustments to treatment
plans. Importantly, the convenience of at-home sample collection
can improve patient compliance with follow-up appointments.

Conclusions

To the best of our knowledge, this is the first study to demon-
strate the applicability of DUS sampling for the simultaneous
determination of neopterin and creatinine. This alternative

Green Chem., 2025, 27, 1007-11020 | 11017
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microsampling technique was successfully applied for urine
collection, requiring only 10 pL of urine, which is 10 times less
than the reference method. A simple and robust HPLC-FLD/
DAD method was developed and validated. The method
demonstrated its potential through the analysis of 36 human
DUS samples from healthy volunteers and patients with
COVID-19 and cancer, verifying its applicability to different
clinical conditions.

From a green chemistry perspective, this method minimizes
reagent consumption, requiring only 110 pL of phosphate
buffer without organic solvents and a simple 5 min vortexing
step. The HPLC analysis is still required due to the complexity
of the biological matrix. The energy footprint of the sample
collection and analysis is significantly reduced by minimizing
storage space requirements, allowing 250 times more samples
to be stored in the freezer compared to liquid urine. In
addition, DUS samples remain stable for up to 5 days at 40 °C
and 4 months at room temperature, eliminating the need for
temperature-controlled transport and enabling cost-effective
shipping via standard mail or courier services. We also evalu-
ated the practicality of the presented method, which should
also be considered in the clinical laboratory. Compared to the
reference method, its strength lies in its miniaturization.

Volumetric urine sampling can be facilitated with volu-
metric devices, such as pipettes or capillary transfer tubes.
Home-sampling by the patient is possible with commercial
options that incorporate volumetric microfluidics. However,
subpunching from conventional Whatman 903 Protein Saving
Card and HemaXis DB10 is problematic due to the indivisibil-
ity of dried spots, making pre-cut DUS devices a more practical
alternative. The results of the Capitainer-B qDBS further con-
firmed its suitability as a home urine sampling tool.

Our method demonstrates significant potential for home
sampling. It offers convenience to patients in remote areas
and supports telemedicine initiatives. It provides a less bur-
densome alternative for patients who require frequent moni-
toring, including those with chronic diseases, organ trans-
plants, on long-term medication, and disabilities. This
improves adherence. DUS enables remote sample collection,
allowing patients to avoid hospital visits while enabling health-
care providers to obtain results and offer advice via modern
telecommunications platforms. DUS may contribute to person-
alized medicine by facilitating real-time adjustments to treat-
ment plans and improving patient compliance with follow-up
care. During pandemics, DUS offers key benefits through low-
contact sample collection. This reduces the burden on health-
care facilities and minimizes the risk of disease transmission.

Further studies may incorporated DUS be into the diagnosis
or monitoring of other diseases, particularly if relevant urinary
markers are identified. Then, sensitive analytical methods
should be developed and validated, taking the small sample
volume into account. Participants should be involved from the
beginning, starting with the sample collection step to assess
usability and human factors. Inter-laboratory reproducibility
should also be evaluated to support broader implementation.
Moreover, future innovations in DUS technique will focus on

1018 | Green Chem., 2025, 27, 11007-11020
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creating point-of-care devices and integrating DUS with digital
tracking systems to improve usability and enable real-time
data access. Automating sample processing will enhance
efficiency and support broader clinical adoption.
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