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Visceral leishmaniasis (VL) is a neglected infectious disease that can be transmitted between dogs and

humans. In this work, a novel flow-through pinhole paper spray mass spectrometry (MS) technique is

described to detect metabolites that might be up- or down-regulated during canine VL infection. The

flow-through pinhole paper spray MS allows direct analysis of dried samples prepared in paper substrates,

without prior sample pre-treatment. Here, clinical canine serum samples from ten dogs positives for VL

were prepared in embossed hydrophobic paper substrates in the lab. Similar dried serum samples from

uninfected control dogs were prepared in embossed paper. Partial least squares discriminant analysis was

performed on positive-ion mode full mass spectra recorded from the 20 samples, which showed signifi-

cant separation between VL positive and negative samples. Volcano plots confirmed the presence of

several up- and down-regulated species in the infected dog samples. Results from this work demonstrate

detectable metabolomic changes can be measured during canine VL from dried serum samples without

sample preparation.

Introduction

Visceral leishmaniasis (VL) is a vector-borne disease (caused
mainly by leishmania (L.) infantum) with serious public health
concerns. This disease is transmitted through the bite of
infected female sandflies during the blood meal.1,2 VL is also
a neglected zoonotic (it can spread between animals and
humans) infectious disease with its presence directly linked to
poverty, while social, environmental, and climatic factors
affect the epidemiology of the disease.3,4 While over a billion
people reside in regions where leishmaniasis is prevalent and
are at risk of infection, most humans who contract the parasite
remain asymptomatic throughout their lives. Each year, it is
estimated that there are 30 000 new cases of VL and over
1 million new cases of cutaneous leishmaniasis (CL)5 with less
than 20 000 cases of VL were reported in 2023.6 The relation-

ship between canine VL (CVL) and human VL makes the
control of the disease difficult. Indeed, the domestic dog is the
main reservoir of L. infantum in urban areas.7 It is not uncom-
mon to find dogs living in conglomerations in low- and
middle-income countries, where the disease is prevalent. Such
conditions can attract the vector, which can transmit the para-
site in the community, from dogs to humans. Thus, control-
ling CVL is important, something that is commonly achieved
by culling of infected dogs and by using insecticide collars.8

Aside from the control of vector and animal reservoir hosts,
strategies that can enable early diagnosis and surveillance are
important to promptly monitor and manage VL. Early detec-
tion will enable timely treatment, which can be expected to
reduce the prevalence of the disease. Due to limited resources
in endemic regions, methods that can enable sample collec-
tion from remote areas will offer significant impact by
enabling a centralized platform for asymptomatic infection.
Traditionally, CVL has been diagnosed using rapid diagnostic
tests (RDT),9–11 immunofluorescence assays (IFA),12,13 enzyme-
linked immunosorbent assays (ELISA),14,15 and polymerase
chain reactions (PCR).16–18 RDT is best suited for in-field
screening since it can be delivered to remote areas, and it is
low-cost. However, the sensitivity of this diagnostic method is
limited and does not allow early-stage disease detection.9 The
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remaining diagnostic techniques (i.e., IFA, ELISA, and PCR)
are often used in clinical settings since extensive sample
preparation is required. Take PCR as an example; the DNA
extraction process is time-consuming, coupled with a labor-
ious amplification process. This process limits the applica-
bility of these methods in large-scale CVL screening. The
animal can be transported for testing, but this only increases
the cost of analysis and the inconvenience of the process. The
alternative strategy is to collect samples remotely for sub-
sequent analysis at a later time. While this might work for
PCR since the DNA analyte is stable at room temperature, cold
storage is required to ship proteins often analyzed in IFA and
ELISA. Cold-chain shipping is particularly difficult due to the
requirement to sustain a regulated temperature during transit,
a task that becomes even more challenging in remote areas.19

In addition to DNA and protein analysis, changes in metab-
olites have been used to diagnose VL.20,21 Parasites like
L. infantum derive most of their nutrients from their hosts.
This process intimately links the metabolism of the parasite to
that of their hosts, providing a detectable change in the metab-
olite profile of infected dogs or people. Traditionally, such
metabolite changes are analyzed using nuclear magnetic reso-
nance (NMR),22,23 liquid chromatography mass spectrometry
(LC-MS),24,25 and gas chromatography mass spectrometry
(GC-MS).26 NMR is robust, nondestructive, and reproducible,
but it requires highly purified samples in high concentrations
due to limited sensitivity. Both LC-MS and GC-MS are highly
sensitive and robust, but they also require sample preparation,
and analysis time can be long. These factors limit the
implementation of these traditional methods in resource-
limited settings. Recently, ambient mass spectrometry (MS)
was introduced by Prof. R. Graham Cooks to enable direct ana-
lysis of complex mixtures without prior sample preparation.27

This technology has enabled messy samples like whole blood
and serum to be analyzed on standalone mass spectrometers,
including portable instruments, without front-end chromato-
graphic separation.28,29 This capability has been achieved
through a plethora of ambient ionization methods, including
desorption electrospray ionization (DESI),30 direct analysis in
real-time (DART),31 and paper spray ionization,32 just to
mention a few. Unlike DESI and DART, paper spray ionization
does not require nitrogen or helium nebulizer gases,32–34

making it more suitable for field analysis in resource-limited
settings.

Recently, our research group introduced pinhole paper
spray, which utilized salinized hydrophobic paper to collect
and store biofluids onto embossed wells created in the paper
substrate.35 Extensive prior studies36–39 have shown that ana-
lytes stored in the hydrophobic paper are stabilized at room
temperature for extended time periods without the need for
cold storage. We propose that the embossed hydrophobic
paper substrates can be used to collect samples from remote
locations where VL is endemic. The dried samples present in
the paper substrate can then be shipped without cold-chain
restriction to a central facility where a standalone mass
spectrometer can be used to analyze the samples directly from

the paper substrate. We demonstrate this capability by analyz-
ing 20 clinical canine samples prepared in the lab using our
embossed hydrophobic paper substrates. Using the pinhole
paper spray MS data, we performed partial least squares discri-
minant analysis (PLS-DA) to differentiate the ten infected
samples from the ten uninfected samples. This ambient paper
spray MS method based on metabolite profiling has the poten-
tial to support surveillance strategies in CVL endemic regions
by allowing sample collection, room temperature storage, and
direct analysis using existing mass spectrometers without any
front-end modification.

Experimental section
Preparation of embossed hydrophobic paper

An embossment plate made of two pairs of master plate molds
(one male, projecting mold, and one female, intaglio mold,
Fig. S1†) was designed from AutoCAD 2021 software
(AutoDesk, San Rafael, CA) and utilized for paper emboss-
ment. Whatman Grade 3 chromatography filter paper circles
were cut using a laser cutter (FSL Muse Core Desktop CO2

Laser Cutter, Full Spectrum Laser, Las Vegas, NV) to a dia-
meter of 130 mm. These pre-cut paper circles were first
spritzed with an aqueous/ethanol solution (1 : 1 ethanol/water,
% v/v) followed by firmly hand-pressing the paper between
both male and female molds for a minimum of 5 min. The
embossed paper was then air-dried and then subjected to
silane vapor reactions under vacuum. In this way, the
embossed Whatman 3 chromatographic filter papers were
treated chemically with methyl-trichlorosilane in a vacuum
desiccator to produce the hydrophobic paper used for sample
collection and MS analysis.

Flow-through pinhole paper ionization

Canine serum samples were provided by our collaborator from
the Laboratory of Leishmaniasis at the Universidade Federal
de Minas Gerais (UFMG), Brazil. Dried serum spheroids were
prepared by pipetting 10 µL of liquid canine serum samples
onto the embossed hydrophobic paper substrate and drying
overnight at room temperature. Once dry, each well of the
embossed paper substrate was punched using a standard hole
puncher. The punched well containing the dried serum was
then inverted 180° and placed onto the surface of triangular
hydrophilic paper, which served as the paper spray substrate
for analyte ionization via an electrospray-like mechanism. To
enable metabolite extraction from the dried serum, we created
a hole at the bottom of the embossed hydrophobic paper
using a sharp 16-gauge hypodermic sterile needle (see Fig. S2
and S3† for a visual representation of the pinhole paper spray
MS set up). This pinhole provided a channel to guide the spray
solvent through the crushed three-dimensional dried serum
spheroid, facilitating in situ extraction processes. After this, the
assembly of the two paper substrates (i.e., embossed paper
with sample/pinhole placed on a hydrophilic paper triangle,
10 mm base × 16 mm height) is placed in front of a mass
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spectrometer and analyzed via a novel flow-through pinhole
paper spray as shown in Fig. 1. Here, the spray solvent (metha-
nol/water, 80 : 20, v/v, with 0.1% formic acid) was pumped at
25 µL min−1 from a syringe through a fused silica capillary
(100 µm ID) toward the paper assembly containing the sample.
An optimized direct current (DC) high voltage of +6 kV was
applied to the metal needle of the syringe, which caused elec-
trosprayed charged microdroplets to be generated toward the
paper. This approach is contrary to the traditional paper spray
experiment where the spray solvent and high voltage are
directly applied to the paper substrate. This novel flow-through
paper spray experiment forms part of our ongoing effort to
stabilize paper spray signal as well as to make it high through-
put. By floating the paper substrate, an array of samples can be
arranged on a moving stage in a straightforward manner to
improve the reproducibility and speed of the analysis. For the
current work, it required a 90 s delay time for the spray solvent
to completely wet the hydrophilic paper triangle and begin to
generate secondary charged microdroplets containing the
extracted metabolites and transfer them toward the proximal
mass spectrometer.

Mass spectrometry

Mass spectra were recorded using a Thermo Scientific
Finnegan LTQ linear ion trap mass spectrometer (San Jose,
CA). MS parameters used were as follows: 200 °C capillary
temperature, and three microscans. Spray voltage was kept at 6
kV for all experiments. The distance of the hydrophilic paper
triangle tip to the MS inlet was kept at 5 mm. Thermo Fisher
Scientific Xcalibur 2.2 SP1 software was applied for MS data
collecting and processing. The paper substrate was positioned
with its tip parallel to the mass spectrometer inlet using a
copper alligator clip, which was subjected to a continuous
supply of primary charged microdroplets from the spray
solvent contained in the syringe.

Sample collection and ethical clearance

Clinical canine serum samples were donated by our collabor-
ator from Laboratory of Leishmaniasis at UFMG, Brazil. The
samples were previously collected and tested for VL by immu-
nofluorescence assay and PCR at the Laboratory of
Leishmaniasis at UFMG, Brazil. The protocol for collecting
clinical samples was approved by the Ethics Committee on the
Use of Animals from the University of Minas Gerais (protocol
number 198/2014). Samples were stored at −80 °C in a freezer
and transported in dry ice to our laboratory under an Import
Permit from the Centers of Diseases Control and Prevention
(CDC) (PHS Permit number 20230302-0910A). Obtained serum
were aliquoted, kept at −80 °C in a freezer, and thawed right
before experiments.

Statistical data analysis

Mass spectral data were extracted into Microsoft Excel using
Xcalibur 2.2 SP1 software provided by Thermo Fisher
Scientific. Average of three replicates was exported to
MetaboAnalyst, where the data was auto-scaled and normal-
ized, after which PLS-DA, t-test, and fold change analyses were
performed.

Chemicals and reagents

All solvents (methanol (99.9%, HPLC grade), ethyl acetate
(≥99.5%), pure ethyl alcohol (200 proof, anhydrous, ≥99.5%),
acetonitrile (HPLC plus grade), and methyltrichlorosilane
(≥99.9%) were obtained from Sigma Aldrich (St Louis, MO)). A
1.0 mg mL−1 standard solution of cocaine was acquired from
Cerilliant (Round Rock, TX, USA). 18.2 MΩ water was obtained
from a Milli-Q water purification system (Millipore, Billerica,
MA, USA). Potassium hydroxide pellets (ACS certified),
Whatman chromatography filter paper (grade 1) and
Whatman chromatography filter paper (grade 3) were pur-
chased from Whatman (Little Chalfont, England). All experi-

Fig. 1 Experimental setup for flow-through pinhole paper spray MS, with the spray voltage (+6 kV) to the syringe containing the spray solvent. This
is contrary to traditional paper spray experiment where the voltage is applied to the paper substrate containing the sample.

Analyst Paper

This journal is © The Royal Society of Chemistry 2025 Analyst, 2025, 150, 3457–3464 | 3459

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

11
:2

9:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00451a


ments were performed in accordance with the guidelines of
the Office of Responsible Research Practices (ORRP).

Results and discussion
Optimization of flow-through pinhole paper mass
spectrometry

The initial experiments involved the optimization of spray
solvent and voltage for our flow-through pinhole paper spray.
We used a methanolic solution of cocaine for this optimiz-
ation study. Preliminary experiments showed 25 µL min−1

flowrate provided stable signal in less than 90 s, so we used
this flowrate to optimize the voltage and solvent. For cocaine
desorption from the paper substrate with primary charged
microdroplets from the spray solvent, we observed that increas-
ing water content in a methanol/water solvent system generally
improved ion signal derived from the secondary charged
microdroplets generated from the tip of the hydrophilic paper
triangle (Fig. S4†). However, the pinhole paper spray signal
peaked when methanol/water (80/20, v/v, with 0.1% formic
acid) was used, thus we used this spray system for the rest of
our experiments. The optimized spray solvent composition is
controlled by the solubility of the analyte and evaporation rate.
Higher methanol content might be good for extracting hydro-
phobic compounds, but such solvent might evaporate too
quickly, which will reduce analyte extraction. Next, we checked
spray voltage, for which we observed an increase in signal with
applied DC voltage (Fig. S5†), but we chose +6 kV as our opti-
mized value, as this spray voltage generated minimal electrical
discharge. The difference between the typical 5 kV and our
optimized 6 kV for this flow-through paper spray might be due
to the change in setup configuration in which the paper sub-
strate is floating in front of a grounded mass spectrometer
inlet. This configuration can reduce the overall electric field
shape and strength and might require a higher applied spray
voltage to allow the generation of secondary charged microdro-
plets from the paper substrate. On the contrary, applying the
voltage directly to the paper substrate, which is positioned in
front of a grounded mass spectrometer, will require an overall
lower voltage to generate high electric fields.

Analysis of clinical canine serum samples

We applied the pinhole flow-through paper spray MS platform
to analyze 20 canine samples freshly collected and sent from
Brazil. These samples were analyzed by immunofluorescence
assay by our collaborators, with ten of them diagnosed to be
positive with CVL and the remaining ten samples being nega-
tive. For analysis of these samples, 10 μL dried serum spher-
oids were prepared in embossed hydrophobic paper substrates
and subsequently analyzed via the new pinhole flow-through
paper spray MS method after placing the dried samples onto a
hydrophilic paper triangle. Metabolite extraction and in situ
ionization was achieved with methanol/water (80/20, v/v, with
0.1% formic acid) spray solvent. Full positive-ion mode mass
spectra of metabolite profiles were analyzed by partial least

squares discriminant analysis (PLS-DA) to differentiate the
infected samples from uninfected ones. Initial experiments
showed positive-ion mode results to give better differentiation
than results from negative-ion mode (Fig. S6†).

Fig. 2A shows PLS-DA analysis based on data collected from
positive-ion mode pinhole flow-through paper spray MS for the
20 samples. As shown, the ten CVL infected serum samples
can be distinguished from the ten uninfected samples. Typical
positive-ion mode flow-through paper spray MS spectra
recorded from infected and uninfected canine serum samples
are provided in Fig. S7.† The top 15 differentiation ions are
summarized in Fig. S8,† which showed that 13 of these species
were upregulated in the infected samples. We generated the
volcano plot shown in Fig. 2B to confirm if indeed the differen-
tiating species were upregulated. Here, y-values representing
−log10(p-value), that are greater than 1 are considered signifi-
cant. In this case, any species with x-values [log2(FC)] > 1 are
deemed upregulated (top right corner) in the infected
samples, and those with x-values < −1 are deemed downregu-
lated (top left corner). The volcano plot generated using these
typical parameters, with significant fold change (FC), revealed
three upregulated species: m/z 214, 347, and 570. Two of these
ions (m/z 347 and 570) were ranked among the top 8 differen-
tiating species in the PLS-DA analysis. These statistical results
show that the pinhole flow-through paper spray MS experiment
can be employed to analyze dried samples collected onto
hydrophobic paper substrates. Further analyses are needed to
characterize the specific identities of the upregulated species,
but the current profiling mode was demonstrated to be
sufficient in differentiating infected samples from uninfected
ones. Note: other species with log2 (FC) values less than
1 might have been considered among the top 15 compounds
in the PLS-DA analysis. The volcano plot only considers
species with significant fold change, in which species with
x-values > 1 (upregulated species) and x-values < 1 (down regu-
lated), are all above the −log10(p-value) > 1 cutoff.

Importance of instrument variability

At the beginning of this project, due to instrument conditions,
we analyzed five of the infected samples and five of the unin-
fected ones on the same day. Then on a separate day, we
repeated this experiment by analyzing additional five infected
and five uninfected samples together to complete the analysis
of all 20 clinical canine serum samples. We then applied the
same PLS-DA analysis to differentiate the two groups indepen-
dently. Fig. 3A shows the PLS-DA data derived from analyzing
the first ten samples on Day 1, which showed good separation
between the infected and uninfected groups. The volcano plot
derived from these samples (Fig. 3B) shows three species (m/z
393, 394, and 563) that are downregulated in the infected
samples as indicated by the significant fold changes (FC) in
the left upper corner. Similarly, Fig. 3C shows the PLS-DA data
obtained from analyzing the second ten samples on Day 2.
This time, the separation between the infected and uninfected
groups was larger, and this is supported by a volcano plot ana-
lysis (Fig. 3D), which showed a multitude of species that are
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Fig. 2 (A) Classification of 20 canine samples by partial least squares discriminant analysis using positive-ion mode full mass spectra. (B) Volcano
plot showing significant fold-changes (FC) in three statistically significant upregulated species: m/z 214, 347, and 570 (highlighted in red) in the
infected serum samples.

Fig. 3 Partial least squares discriminant analysis of two sets of 10 canine samples (A and C) analyzed using positive-ion mode full mass spectra
obtained on two different days. Analysis on each day consisted of 5 infected and 5 uninfected samples. Volcano plots (B and D) analyzing the fold-
changes in infected samples as observed in the two sets of samples utilized for the two different days. In total, 20 clinical samples were analyzed,
ten on each day, which consisted of equal number of infected and uninfected serum samples.

Analyst Paper

This journal is © The Royal Society of Chemistry 2025 Analyst, 2025, 150, 3457–3464 | 3461

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

11
:2

9:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00451a


upregulated and down regulated in the infected samples.
These results reproduced data shown in Fig. 2, where the ten
infected serum samples were differentiated from the ten unin-
fected samples.

The surprise came when we combined the two infected
samples analyzed on two different days into a single data set for
PLS-DA analysis. We attempted to build a model that could
differentiate the combined infected samples from the combined
uninfected samples. Fig. 4A shows that the combined data from
infected serum samples could not be differentiated from the
combined data from uninfected samples, although these were
the same samples successfully differentiated in Fig. 2 and repro-
duced in Fig. 3. We hypothesized that the overlap observed in
Fig. 4A might be due to significant instrument variabilities
when comparing data from two different days. If this is the case,
then the data generated in a single day for both infected and
uninfected combined should be more similar and could be
differentiated from the combined data from the second day.
Indeed, PLS-DA analysis (Fig. 4B) showed significant separation
of data collected from the two days, even though the combined
data are from distinct groups. That is, we combined data from
infected and uninfected samples on Day 1 to be a single data
set. Similarly, Day 2 data represented a combination of MS
results derived from infected and uninfected samples in Day 2.
These results suggest significant instrument variations when the
experiments are performed on different days. We do not expect
such instrument variability to be specific to our pinhole flow-
through paper MS experiment but can be present in most other
ambient mass spectrometry experiments. As shown earlier, such
instrument variabilities can be overcome by analyzing all
samples in the same day. The fact that the infected and unin-
fected serum samples can be differentiated by comparing the

positive-ion mode ion profiles, despite potential instrument vari-
abilities, strongly suggests inherent differences in metabolites
present during CVL infection.

Our findings on MS variability confirm what is already
known, although not typically reported in the literature. For
example, in constructing a calibration curve, the data must be
collected in quick successions and in a single day to avoid
large variations. Internal standards help, but even here com-
bining data collected in two different days typically fails to give
satisfactory linear regression analysis. For ambient MS, where
the experiment is performed in the open laboratory environ-
ment, other factors like environmental and chemical noise can
affect day-to-day variability. The method proposed has poten-
tial for high throughput automated analysis, which will enable
>300 samples to be run in triplicates in a single day when con-
sidering the 90 s delay time. Such capability will minimize
instrument variability in real-world application. Our samples
were stored at −80 °C until the day of the analysis, therefore
we do not expect sample degradation to account for the differ-
ences observed. The volcano plot, which represents graphical
display of differences underlying partial least squares discrimi-
nant analysis, were noted to be markedly different for the two
days. This difference is, however, not related to instrument
variability since the species were characterized according to
fold changes (up- or down-regulated in the infected samples).
Rather, the number of species detected in each day is related
to the level of the leishmania infection, which can be corre-
lated with antibody titer. The antibody titers for the samples
analyzed in each day were determined via immunofluores-
cence assay (IFA), via a dilution experiment. The more a
sample can be diluted and still provide IFA signal, the higher
the antibody titer. The results from this experiment are sum-

Fig. 4 (A) Partial least squares discriminant analysis showing clusters of infected and uninfected samples generated by analyzing combined data
obtained for each sample type on different days. (B) Partial least squares discriminant analysis of data sets consisting of both infected and uninfected
samples analyzed each day for two days.
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marized in Tables S1 and S2,† which showed that samples ana-
lyzed in Day 2 had higher antibody titer, which signifies a
more advanced infection. This may explain why more metab-
olites were detected in samples analyzed in Day 2 (Fig. 3D)
than samples analyzed in Day 1 (Fig. 3B).

Conclusions

In summary, we have demonstrated the use of embossed
hydrophobic paper substrates to prepare dried serum samples
for subsequent direct analysis via a novel flow-through pinhole
paper spray MS platform. The method was used to analyze 20
canine samples, 10 of which were positive for canine visceral
leishmaniasis while the remaining 10 were negative. Positive-
ion mode full mass spectra recorded from these clinical
samples were subjected to partial least squares discriminant
analysis, which showed statistically significant separation
between infected and uninfected groups. The flow-through
pinhole paper spray MS analysis was reproduced on two other
days, all showing significant separation between samples
infected with canine visceral leishmaniasis versus those that
are not infected. Volcano plot analyses confirmed significant
fold changes for several species detected in the infected serum
samples. Characterization of the discriminating metabolites is
the subject of ongoing investigation, but we suspect these to
fall with the class of lipids, amino acids, and fatty acids. Our
data suggest that instrument variability can be significant for
samples that are not analyzed in the same day. The variability
reported here is not meant to affect data comparison. Notice
how the individual decisions made on three different days
(Days 1 and 2 in Fig. 3, and data in Fig. 2) were all comparable.
That is, all samples were correctly classified in all three experi-
ments. The caution highlighted is for situations where data is
combined from two different days. Overall, the ability to use
paper substrates to collect samples and analyze directly from
the paper substrate without any pre-treatment has potential to
reduce instrument requirements for metabolomic analysis,
which has important implications in how analytical measure-
ments can be achieved in resource-limited settings.
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