MicroRNA
M~7,000 (19-23 nucleotides)

BR.'R

MALDI-MS

miR-21

let-7g
iso-miR-16

" Direct, multiplex and on 6600 7200 7800
v zntirtgeted ?“?'VS'SI NQYCH« @ v Sensitivity (fmol level)
ost-transcriptiona S.AN/N Sy ¥ Spot-to-spot repeatability

modifications

. ATT-PYR ¥ Wide applicability



Highlights

Direct, multiplex and untargeted analysis of miRNAs is investigated by MALDI-MS.
lonic matrices are proposed as an alternative to conventional matrices.

ATT-PYR provides higher sensitivity and improved spot-to-spot repeatability.

The analysis of miRNAs in serum samples is also explored.
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Abstract

The use of ionic matrices (IMs) was evaluated as an alternative to conventional matrices
to analyze microRNAs (miRNAs) by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). 2, 4, 6-Trihydroxyacetophenone (THAP), 6-aza-2-
thiothymine (ATT) and 3-hydroxypicolinic acid (3-HPA) and their IMs with pyridine
(PYR) and butylamine (BA) were studied to analyze a standard mixture of miRNAs: miR-
21, let-7g and iso-miR-16. Among all the studied matrices, ATT-PYR at 75 mg/mL in
acetonitrile (MeCN):H20 (50:50, v/v) was selected as the optimal. Furthermore, addition
of ammonium citrate dibasic (AC) as signal enhancer was mandatory to obtain an
appropriate miRNA detection. ATT-PYR provided the best sensitivity, with limit of
detection (LOD) up to 5 nM (equivalent to 1 fmol in the spot) and excellent spot-to-spot
repeatability due to the improved homogeneity of the spots compared to the conventional
matrices. The applicability of the established method to direct, multiplex and untargeted

analysis of miRNAs in serum samples was also investigated.



Introduction

MicroRNAs (miRNAs) are small non-coding RNAs of 19-23 nucleotides in length
involved in gene regulation. They control gene expression by targeting specific messenger
RNAs (MRNAs), promoting their degradation or preventing their translation [1]. MiRNAs
have an important role in several cellular processes, like cell growth, tissue differentiation,
apoptosis and those related to cancer like invasion, metastasis and drug resistance [1-3].
Deregulation of miRNASs has been related to the occurrence and progression of different
diseases, especially cancer [2, 3]. Circulating miRNAs have been found in various
biological fluids (e.g. blood, saliva and urine), protected from degradation inside
extracellular vesicles or associated with RNA-binding proteins, and they are generating a

great interest as biomarkers of physiological and pathological processes [4-6].

Various methods have been described for miRNA analysis, including next generation
sequencing (NGS) and reverse transcription-quantitative polymerase chain reaction (RT-
gPCR). Although the high sensitivity, specificity and quantitative properties of these
methods, they are time consuming and require high-qualified expertise, specific
bioinformatics software as well as designing specific ligation adaptors, gene libraries or
primers [7-9]. These issues have prompted research for alternative methods for miRNA
analysis, including those based on mass spectrometry (MS) detection [10-15]. MS or
hyphenated MS techniques (i.e. liquid chromatography and capillary electrophoresis
coupled to MS, LC-MS and CE-MS, respectively) allow the direct, multiplex detection and
quantitation of miRNAs, as well as the characterization of their post-transcriptional

modifications [10-14]. However, the analysis of miRNAs by MS is rather challenging
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because miRNAs are relatively large oligonucleotides (relative molecular mass, M~7,000-
7,500) with similar size and structure, which are prone to low ionization efficiency,
complex mass spectrum, extra formation of alkali metal adducts, etc. [10-12, 16]. In
addition, they are found at low concentration in biological samples, hence different
strategies are necessary to enhance sensitivity, such as on-line preconcentration in CE-MS
for direct untargeted detection [10, 11] or the use of complementary DNA (cDNA) for
indirect targeted detection or targeted preconcentration in matrix-assisted laser

desorption/ionization mass spectrometry (MALDI-MS) [14, 15].

MALDI-MS has been traditionally used to analyze oligonucleotides [17-23], including
miRNAs [13-15]. Compared to electrospray ionization-mass spectrometry (ESI-MS)
based methods, MALDI-MS has the advantages of simplicity, speed, low reagent and
sample consumption and easy mass spectrum interpretation. In the typical experiments, the
solutions of sample and matrix compound, which assists analyte ionization, are mixed and
crystallized before applying the laser energy under the high vacuum conditions inside the
mass spectrometer [24]. The conventional matrices are solid organic compounds able to
absorb the applied laser energy to promote the analyte ionization process. 2, 4, 6-
Trihydroxyacetophenone (THAP), 6-aza-2-thiothymine (ATT) and 3-hydroxypicolinic
acid (3-HPA) have been proposed to analyze oligonucleotides with disparate levels of
efficiency [13-15, 17-22]. This issue is often worsened by careless or inappropriate
sample-matrix preparation procedures that affect sample-matrix crystallization, hence the
quality and reproducibility of the spectra. As an alternative to conventional matrices in

MALDI-MS, Armstrong et al. introduced ionic liquid matrices [25], which were later



referred to with the broader term of ionic matrices (IMs) [23]. Typical IMs are solid or
liquid organic salts formed by mixing equimolar amounts of conventional matrices, such
as sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic
acid (CHCA), THAP, ATT and 3-HPA with an organic base like pyridine (PYR), 1-
methylimidazole, tributylamine or butylamine (BA). IMs usually have a melting
temperature at or below 100 °C, low vapor pressure and a wide range of solubilization
ability for analytes. Sample-matrix preparation with IMs is easier than with conventional
matrices, preventing formation of non-homogeneous spots (i.e. hot-spots) and lower mass
spectrum reproducibility [23, 25-30]. Several authors have also described improved
sensitivity [29, 30]. In the last few years, IMs have been widely and successfully applied
to analyze different biomolecules [23, 25-30], including oligonucleotides [23, 28-30].

However, research about miRNAs analysis has not been explored yet.

In this study, IMs were investigated for the analysis of miRNAs as an alternative to the
conventional matrices typically applied to oligonucleotides. Three matrices commonly
used to analyze oligonucleotides (i.e. THAP, ATT and 3-HPA) were tested and compared
in positive and negative ion modes with their PYR and BA IMs. A novel preparation
method for the IMs was proposed, and the best IM for miRNA MALDI-MS analysis was
selected. The established method was validated in terms of spot-to-spot repeatability,
linearity and limit of detection (LOD), showing improved quality parameters compared to
the studied conventional matrices. The potential of the method for the analysis of miRNA

biomarkers was also explored analyzing miRNAs in serum samples.



2. Experimental section

2.1 Chemicals and reagents

All solvents and reagents were analytical reagent grade or better. Trifluoroacetic acid
(TFA) was purchased from Merck (Darmstadt, Germany). LC-MS quality acetonitrile
(MeCN), and methanol (MeOH) were supplied by Panreac AppliChem (Barcelona, Spain).
LC-MS quality water was purchased from Thermo Fisher Scientific (Barcelona, Spain).
THAP (299.5%), ATT (>99.0%), 3-HPA (>98.0%), ammonium citrate dibasic (AC)
(>299.0%), pyridine (PYR) (>99.8%) and butylamine (BA) (>99.0%) were supplied by
Sigma-Aldrich (Madrid, Spain). Synthetic miRNA: hsa-miR-21-5p (miR-21), hsa-let-7g-
5p (let-7g) and hsa-miR-16-5p with 3’-uridylation (iso-miR-16) were purchased from

Integrated DNA Technologies (Leuven, Belgium).

2.2 miRNA standards and serum samples

The lyophilized miRNA standards (miR-21, let-7g, and iso-miR-16, see Table 1 for the
sequence, average molecular mass (M) and modifications) were resuspended in water to
prepare 200 uM individual stock solutions, which were stored at -20 °C until use. Mixtures

of the three miRNAs were prepared diluting the stock solutions with water.

Blood was collected from a healthy volunteer following standard operating procedures with
the appropriate approval of the Ethical and Scientific Committees of the UB. Serum
collection tubes were used as described in our previous work [31]. Serum aliquots were
stored in a freezer at -20 °C when not in use. Serum samples were pretreated using a
centrifugation-assisted solid-phase extraction kit (miRCURY™ RNA Isolation Kit,
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Exiqon, Hilden, Germany), which is recommended for purification and preconcentration
of small RNAs [32]. Centrifugations and incubations (with moderate shaking) were done
at 25 °C. Two hundred pL of serum was centrifuged at 3,000 g for 5 min and the supernatant
was collected. Then, 60 pL of lysis solution was added. After vortexing and incubating for
3 min, 20 pL of protein precipitation solution was added. The mixture was vortexed,
incubated for 1 min and centrifuged at 11,000 g for 3 min, before collecting the supernatant.
Spiked serum samples were prepared adding at this point 0.4 pL of a 50 uM solution
mixture of mMiIRNAs (miRNA final concentration in serum was 0.1 puM). Then, 270 uL of
isopropanol was added. The mixture was vortexed, transferred to a mini spin SPE column
and incubated for 2 min. After centrifugation at 11,000 g for 30 s, the mixture was
successively washed with 100 puL of wash solution 1 (11,000 g, 30 s), 700 pL of wash
solution 2 (11,000 g, 30 s) and 250 pL of wash solution 2 (11,000 g, 2 min). The mini spin
SPE column was placed in a new collection tube and the retained miRNAs were finally

eluted with 50 pL of water centrifuging at 11,000 g for 1 min.

2.3 Preparation of MALDI-MS matrices

2.3.1 Conventional matrices

Conventional matrix solutions were prepared daily dissolving THAP, ATT or 3-HPA in
MeCN:H20 (50:50, v/v) at a concentration of 50 mg/mL (molar concentrations were
between 0.2 and 0.5 M depending on the matrix considered) [20]. An aqueous solution of
AC was prepared at 50 mg/mL (molar concentration was ~0.2 M) [33]. Equivalent volumes

of miRNA and AC solutions were mixed (e.g. 1 pL) leaving a few seconds for



equilibration. Then, the sample-matrix solution was prepared by mixing 1 pL of the
previous solution and 1 pL of the matrix solution [33, 34]. To improve spot-to-spot
repeatability, conventional matrices were prepared at room temperature using solvents

taken out immediately from the fridge at 4 °C.

2.3.2 lonic matrices

Organic salts were prepared following the method described by S. Carda-Broch et al. [23].
THAP, ATT or 3-HPA were dissolved in MeOH at a concentration of 20 mg/mL. An
equimolar amount of base (PYR or BA) was accurately added, the mixture was vortexed
and sonicated for 5 min and finally evaporated to dryness with air. PYR salts were solid at
room temperature whereas BA salts exhibit a glycerol-like viscosity (see Table S1 for the

tentative structure, state at room temperature and average M).

Under the optimized conditions, IMs were prepared at 75 mg/mL of organic salt in
MeCN:H20 (50:50, v/v) (molar concentrations were between 0.2 and 0.5 M depending on
the matrix compound considered). As with conventional matrices, equivalent volumes of a
50 mg/mL solution of AC and miRNA solution were mixed (e.g. 1 pL) leaving a few
seconds for equilibration. Then, the sample-matrix solution was prepared by mixing 1 puL

of the previous solution and 1 pL of the IM solution [33, 34].

2.4 MALDI-MS



Sample-matrix spots were prepared by using the dried-droplet method [34]. Sample-matrix
solution (0.8 pL) was deposited at room temperature onto the MALDI plate and allowed
to evaporate to dryness in air. Spots were monitored under a stereomicroscope at 100X
magnification. Images from the spots were taken through the objective of a 32 MP digital
camera of a Samsung Galaxy A70 cell phone (Seoul, South Korea). This way, the number,
appearance (i.e. size and shape), distribution and homogeneity of the crystals in the spot

were easily evaluated to optimize a reproducible sample-matrix preparation procedure.

The MALDI-TOF mass spectrometer was a 4800 Plus MALDI TOF/TOF system from AB
Sciex (Framingham, MA, USA) equipped with a nitrogen laser (355 nm) and a
microchannel plate detector (MCP). Data acquisition and data processing were performed
using the 4800 Series Explorer™ and Data Explorer® softwares (AB Sciex). Mass spectra
were acquired from 4,000 to 15,000 m/z using the mid mass positive and negative linear
modes. The final mass spectra were typically obtained as summation of 900 consecutive
laser shots. Measurements were performed at a laser intensity value of 7000 (89% of the
maximum) to obtain adequate sensitivity without rapidly destroying the sample. No

MIiRNA fragmentation was observed at this laser intensity value or higher.

2.5. Quality parameters

All quality parameters were calculated considering the miRNA singly charged molecular
ions in positive or negative ion modes ([M+H]* or [M-H]"). The m/z (mass-to-charge) axis
of the mass spectra were externally recalibrated using as a reference let-7g. Mass accuracy

for miR-21 and iso-miR-16 was calculated as delta mass (AM = | M iheoretical-Mexperimental | )



Spot-to-spot repeatability was evaluated as the relative standard deviation in percentage
(%RSD) of peak areas analyzing a miRNA mixture at 1 uM (number of spots, n=6).
Linearity was studied by analyzing a miRNA mixture in the concentration range between
0.05 and 1 uM (n=3, at each concentration level). The LODs were estimated by analyzing
miRNA mixtures at low concentration, between 0.05 and 0.001 uM (n=3, at each
concentration level). The LOD level was defined as the concentration giving a signal-to-

noise ratio (S/N) close to and higher than 3.
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3. Results and discussion

Three of the most common matrices applied to analyze oligonucleotides by MALDI-MS
(i.e. THAP, ATT and 3-HPA) [17-23], including miRNAs [13-15], were selected as a
reference to investigate later the applicability of IMs. A mixture of three miRNA (i.e. miR-
21, let-7g and iso-miR-16) with slight structural differences (Table 1), was analyzed using
these matrix compounds as conventional matrices but also as IMs with PYR or BA.
Experiments were performed in positive and negative ion modes, without any additive or
using TFA [23, 26, 29] and AC [16, 20, 22, 23, 29] as signal enhancers to avoid alkali

adduct formation.

3.1 Conventional matrices

First, some preliminary experiments were performed to select the laser intensity in order
to obtain an adequate sensitivity. A 1 UM miRNA mixture was analyzed using the three
conventional matrices, and laser intensity was investigated between 6,000 and 7,500 in
both ion modes. A value of 7,000 was selected for all the studied matrices as no big
difference in sensitivity was observed with higher laser intensity values and for avoiding
an excessive sample destruction. The best results with THAP and ATT were obtained in
positive ion mode (compare Fig. 1 and Fig. S1), and no miRNAs were detected with 3-
HPA (data not shown). Fig. 1 shows the mass spectra with THAP and ATT in positive ion
mode at a 7,000 laser energy. As can be observed comparing the right y-axis of the mass
spectra, ATT provided the best sensitivity and, in addition to the protonated miRNA
molecular ions, some minor abundance potassium adducts and synthetic impurities could

be detected (Fig. 1b). ATT showed an important difference between both ion modes

11



(compare Fig. 1b and Fig. S1-b), in contrast to THAP, which gave similar results, although
in negative ion mode the noise was slightly higher (compare Fig. 1a and Fig. S1-a). Fig. 2a
and 2b show the images of the spots obtained with THAP and ATT matrices, respectively.
THAP gave more homogenous spots with a network-like appearance. The use of AC as
signal enhancer was described for the analysis of oligonucleotides to avoid the production
of metal-ion adducts when using conventional matrices [16, 20, 22, 23, 29]. In our case,
the addition of AC showed an important role in miRNA detection as the studied miRNAs

were not detected if AC was not present in the sample.

Unexpectedly, miRNAs were not detected with 3-HPA at any laser intensity, in contrast to
other authors that reported this matrix for the analysis of DNA and RNA oligonucleotides
[15, 20, 21]. While some authors recommended THAP and ATT for the detection of
oligonucleotides having up to 25 [22] or 40 bases [19], others suggested the use of 3-HPA
in all cases [15, 20, 21]. Therefore, in addition to the number of bases, the base composition

and the structure of the oligonucleotides would strongly affect the performance of 3-HPA.

As ATT gave the best results as a conventional matrix, this method was evaluated in terms
of spot-to-spot repeatability, linearity and LOD (see Table 2). Spot-to-spot repeatability
was acceptable with %RSD of peak area values ranging between 20-23% for the studied
miRNAs when analysing a 1 pM miRNA mixture (n=6). Mass accuracy was the typical
expected by MALDI-MS with this type of mass spectrometer, scanning in this m/z range
when external m/z recalibration is applied (delta mass, AM<1.1). The method was linear
between 0.05 pM and 1 uM with coefficients of determination (R?) higher than 0.946, and

LODs were 10 nM (equivalent to 2 fmol in the spot) for the three miRNAs.
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3.2 lonic matrices

Once evaluated THAP, ATT and 3-HPA as conventional matrices, they were investigated
as IMs with two organic bases: PYR and BA. PYR and BA IMs were previously reported
for the analysis of oligonucleotides and other biomolecules such as peptides and
glycoproteins by MALDI-MS, but mainly with 3-HPA [23, 28], CHCA [25, 28-30] and

SA [25, 26] matrices.

PYR IMs were first prepared at 0.5 M of organic salt in MeCN:H.0 (2:1, v/v, 0.2% TFA)
as described by S. Carda-Broch et al. [23]. THAP-PYR and ATT-PYR did not provide any
miRNA signal when the mixture of the three miRNAs at 1 uM was analyzed in positive
and negative ion modes at any laser intensity. Only 3-HPA-PYR gave some remarkable
results, but mass spectra were not reproducible enough between spots and days. In MALDI-
MS, the analyte-matrix co-crystallization is essential to ensure an appropriate analyte
ionization efficiency, and matrix concentration, solvents and additives play a crucial role
in the crystal network formation. Therefore, some modifications were introduced in the
method proposed by S. Carda-Broch et al. [23]. First, TFA was replaced by AC as an
alternative signal enhancer according to the previous results with conventional matrices
and because again no miRNAs were detected without any additive. Furthermore, the IM
concentration was changed to 50 mg/mL (molar concentrations were between 0.2 and 0.3
M of organic salt depending on the IM considered) in MeCN:H>0 (50:50, v/v) as in the
method established for the conventional matrices. Using these conditions, miRNA signals
substantially increased in both ion modes with THAP-PYR and ATT-PYR (a laser intensity

of 7,000 was again selected as the optimal value). Fig. 3 shows the mass spectra obtained
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with the three IMs in negative ion mode, which provided better sensitivity (compare the
results in negative and positive ion modes, Fig. 3 and Fig. S2, respectively). As can be
observed, miRNAs were better detected with ATT-PYR as happened with ATT matrix.
THAP-PYR also promoted a relevant ionization of the studied miRNAs, but the signal
intensity was lower than with ATT-PYR. 3-HPA-PYR response did not improve compared
to the initial preparation method, and reproducibility was still poor. If THAP-PYR and
ATT-PYR results are compared with those obtained with the conventional matrices (Fig.
1), similar profiles were obtained in the mass spectra, but sensitivity only significantly
increased when using the ATT-PYR (e.g. compare the right y-axis of the mass spectrum
for ATT as conventional matrix and IM, Fig. 1b and Fig. 3b, respectively). This could be
attributed to the composition of this IM, which favoured the energy transfer between the
matrix and the miRNAs and the formation of larger miRNA-matrix cocrystals (compare
the images of the spots in Fig. 2b and 2d). In general, as can be observed in Fig. 2d, with
the IMs, miRNA-matrix solution seemed to crystallize in a more organized way which

improved the homogeneity of the spots.

A similar study was performed with THAP, ATT and 3-HPA with BA IMs. Nevertheless,
BA IMs were discarded as only ATT-BA allowed detecting the miRNAs, but the signal
was poorer compared to ATT-PYR in both ion modes (e.g. compare Fig. 3b and Fig. S3-
a). Moreover, as can be observed in the image of Fig. S3-c, lower homogeneity of the spots
was obtained with ATT-BA, which provided lower reproducibility in comparison with

ATT and ATT-PYR (Fig. 2b and 2d, respectively).

From these results, 3-HPA was definitively discarded as conventional matrix or IM for

MALDI-MS analysis of miRNAs, and the rest of the study was continued only with THAP-
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PYR and ATT-PYR. Further experiments were performed increasing THAP-PYR and
ATT-PYR concentration from 50 to 75 and 100 mg/mL. A concentration of 100 mg/mL
was rapidly discarded due to solubility issues in both cases. Regarding comparison between
50 and 75 mg/mL, the best signal intensity for the two IMs was obtained with 75 mg/mL.
Furthermore, the homogeneity of the spots was also improved in both cases at this IM
concentration (compare the images of the spots in Fig. 2d and 2e for ATT-PYR by way of
an example). Although THAP-PYR at 75 mg/mL gave more homogenous spots and better
signal compared to 50 mg/mL, sensitivity continued being lower than with ATT-PYR.
Finally, solvent composition was also evaluated with ATT-PYR. Fig. 2e and 2f show the
images of the spots obtained with 75 mg/mL ATT-PYR in MeCN:H.0O (50:50 v/v) and
(70:30 v/v), respectively. An increase of MeCN promoted crystal production and spot-to-
spot homogeneity, but sensitivity was reduced to less than a half, which suggested that a
faster evaporation of the solvents did not favor miRNA-matrix co-crystallization.
Therefore, ATT-PYR at 75 mg/mL in MeCN:H-0 (50:50 v/v) was definitively selected for
the analysis of miRNAs. Fig. 4a shows the mass spectrum for a standard mixture of the

studied miRNAs at 1uM with the optimized conditions.

The established method was validated in terms of spot-to-spot repeatability, linearity and
LOD. As can be observed in Table 2, ATT-PYR provided excellent spot-to-spot
repeatability, diminishing the %RSD of peak area values by half due to the higher spot
homogeneity compared to ATT. Linearity also improved and R? were closer to 1, indicating
potential for quantitative analysis even without using internal standards. Finally, both
methods showed similar mass accuracy, but the LODs with ATT-PYR were slightly lower

than with ATT (5 nM, 1 fmol miRNA/spot, versus 10 nM, 2 fmol miRNA/spot), which
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confirmed the possibility of enhancing sensitivity through the use of IMs, as suggested by

several authors [29, 30].

3.3 Application to serum samples

Once validated the IM method with standards, miRNAs were analyzed in serum samples
to confirm the applicability to complex samples. Serum samples were pretreated before the
analysis using a commercially available kit for off-line purification and preconcentration
of small RNAs, and then spiked with a standard mixture of miR-21, let-7g and iso-miR-16
at 0.1 uM. Fig. 4 shows the mass spectra for a standard mixture at 0.1 uM (Fig. 4b) and for
the spiked serum sample at the same concentration (Fig. 4c). As can be observed, the three
miRNAs could be detected in the serum sample, although the signal was slightly lower due
to the matrix complexity and the recoveries of the sample pretreatment (i.e. approximately
85% as estimated in a previous work [11]). As expected, no endogenous miRNAs were
detected in non-spiked serum samples by MALDI-MS (data not shown), because the
concentration of these low abundant biomarkers in healthy controls is far lower than the
current LODs. Up to now, only a few authors have demonstrated that MALDI-MS methods
with conventional matrices can be used to detect miRNAs in biological samples [14, 15].
S. Kim et al. presented an indirect targeted method converting miRNAs into cDNA
followed by amplification and detected concentration levels were similar to the ones
reached with ATT as conventional matrix (~2 fmol/spot) [15]. More recently, M. Konno
et al have demonstrated the direct targeted measurement of miRNAs in pancreatic cancer
cell cultures and serum samples by MALDI-MS after applying a preconcentration step

including cDNA [14]. Therefore, the established ATT-PYR IM method could be very
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useful to improve the performance of these MALDI-MS methods that are using
conventional matrices, and to develop new ones to further expand our knowledge about

these important potential biomarkers.

Concluding remarks

We introduced for the first time IMs for the direct, multiplex and untargeted detection of
miRNAs by MALDI-MS, as an excellent alternative to the conventional matrices. A novel
method was optimized with a standard mixture of three miRNAs: miR-21, let-7g and iso-
miR-16. Among the investigated conditions, ATT-PYR IM at 75 mg/mL in MeCN:H;0O
(50:50 v/v) gave the best results regarding sensitivity, with LODs up to 5 nM (lower than
LODs obtained with ATT matrix). Moreover, ATT-PYR showed improved spot
homogeneity compared to conventional matrices, which provided better spot-to-spot
repeatability. The applicability of the established method to biological samples was also
demonstrated analyzing miRNAs in spiked serum samples, as a starting point to analyze
miRNAs dysregulated in different diseases. Furthermore, it could be also explored for the
quality control of novel oligonucleotide biopharmaceuticals, which are called to expand in

the coming years.
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Figure captions

Fig. 1. MALDI mass spectra in positive ion mode for a I uM miRNA standard mixture
with conventional matrices: a) THAP and b) ATT

Fig. 2. Images of the spots obtained for a 1 uM miRNA standard mixture with conventional
matrices and IMs: a) THAP, b) ATT, ¢) THAP-PYR, d) ATT-PYR at 50 mg/mL in
MeCN:H20 (50:50, v/v), and ATT-PYR at 75 mg/mL in €) MeCN:H.O (50:50, v/v) and f)
MeCN:H20 (70:30, v/v).

Fig. 3. MALDI mass spectra in negative ion mode for a 1 pM miRNA standard mixture
with IMs at 50 mg/mL in MeCN:H2O (50:50, v/v): a) THAP-PYR, b) ATT-PYR and c) 3-
HPA-PYR.

Fig. 4. MALDI mass spectra in negative ion mode with ATT-PYR at 75 mg/mL in
MeCN:H20 (50:50, v/v) (optimized conditions): a) 1 uM miRNA standard mixture, b) 0.1
pM miRNA standard mixture and c) spiked serum sample at 0.1 puM miRNAs.

Fig. S1. MALDI mass spectra in negative ion mode for a 1 pM miRNA standard mixture
with conventional matrices: a) THAP and b) ATT.

Fig. S2. MALDI mass spectra in positive ion mode for a 1 pM miRNA standard mixture
with IMs at 50 mg/mL in MeCN:H,O (50:50, v/v): a) THAP-PYR, b) ATT-PYR and c) 3-
HPA-PYR.

Fig. S3. MALDI mass spectra for a 1 uM miRNA standard mixture with ATT-BA IM at
50 mg/mL in MeCN:H.0 (50:50, v/v): a) negative ion mode, b) positive ion mode and c)
image of the spot.
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Table 1. Characteristics and average molecular mass (M) of the studied miRNAs.

mMiRNA  Length, nt Sequence Modifications Average M
miR-21 22 5* UAGCUUAUCAGACUGAUGUUGA 3°  5° phosphorylation 7084.22
let-7g 22 5* UGAGGUAGUAGUUUGUACAGUU 3° 5’ phosphorylation 7141.23
Iso-miR- 23 5 UAGCAGCACGUAAAUAUUGGCGU 3* > Phosphorylation 7451.48
16 and 3’ uridylation




Table 2. Linear regression equation, linearity range, limit of detection (LOD) and spot-to-
spot repeatability for the analysis of miR-21, let-7g and iso-miR-16 by MALDI-MS.

Linearity (n=3, each level) LOD. nM Mass accuracy, Repeatability,
miRNA _p* (S/Nl>3) AM %RSD
A=b*C+a  Range (uM) (1 uM, n=6)2  Peak area (1 UM, n=6)
ATT 2
(positive mode) (R°20.946)
miR-21 A=10611 C-414. 0.05-1 10 0.4 23
let-7¢ A=9540.7 C-409 0.05-1 10 - 23
iso-miR-16  A=13082 C-722 0.05-1 10 11 20
ATT-PYR )
(negative mode) (R"20.985)
miR-21 }A= 15412 C + 135 0.05-1 5 0.6 11
let-7g A=13557 C + 426 0.05-1 5 - 9
iso-miR-16  A=15860 C - 126 0.05-1 5 0.3 12

@ The m/z axis of the mass spectra were externally recalibrated using as a reference let-7g. Therefore, mass accuracy for this
miRNA could not be calculated.
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Table S1. Organic salts used as ionic matrices for the analysis of miRNAs by MALDI-
MS. The structures of the organic salts shown are only tentative.

Organic salt Structure of the organic salt State at 25 °C Avi;age
=
THAP-PYR NI | Solid 247.25
HO OH B
OH
A CHs =
ATT-PYR /l\ I o Solid 222.27
N
s~ \N/ H
3-HPA-PYR Solid 218.21
/\/\NHQ .
THAP-BA { G HC ] Gly_cerol_ like 24128
o - viscosity
OH
Glycerol like
ATT-BA CH, ' _ 216.10
{ " | } { o S ] viscosity
s*/I\N/N
3-HPA-BA Glycerol like 91912

viscosity




Fig. S1. MALDI mass spectra in negative ion mode for a 1 uM miRNA standard mixture
with conventional matrices: a) THAP and b) ATT.
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Fig. S2. MALDI mass spectra in positive ion mode for a 1 uM miRNA standard mixture
with ionic matrices (IMs) at 50 mg/mL in MeCN:H>O (50:50, v/v): a) THAP-PYR, b)
ATT-PYR and ¢) 3-HPA-PYR.
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Fig. S3. MALDI mass spectra for a 1 uM miRNA standard mixture with ATT-BA at 50
mg/mL in MeCN:H20 (50:50, v/v): a) negative ion mode, b) positive ion mode and c)
image of the spot.
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