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The primary method of initial treatment of meningiomas is radical neurosurgical intervention. Various methods of intraoperative diagnostics currently in development
aim to improve resection efficiency; we focus on methods based on molecular profiling using ambient ionization mass spectrometry. Such methods have been
proven effective on various tumors, but the specifics of the molecular structure and the mechanical properties of meningiomas raise the question of applicability
of protocols developed for other conditions for this particular task. The study aimed to compare the potential clinical use of three methods of ambient ionization
in meningioma sample analysis: spray from tissue, inline cartridge extraction, and touch spherical sampler probe spray. To this end, lipid and metabolic profiles of
meningioma tissues removed in the course of planned neurosurgical intervention have been analyzed. It is shown that in clinical practice, the lipid components of
the molecular profile are best analyzed using the inline cartridge extraction method, distinguished by its ease of implementation and highest informational value.
Analysis of oncometabolites with low molecular mass is optimally performed with the touch spherical sampler probe spray method, which scores high in both
sensitivity and mass-spectrometric complex productivity.

Keywords: mass spectrometry, ambient ionization, electrospray ionization, meningioma, lipids, oncometabolites

Funding: The study was conducted as part of the state task of the Ministry of Science and Higher Education (agreement Ne075-00337-20-02. project Ne 0714-
2020-0006), using the equipment of the N. N. Semenov Federal Research Center for Chemical Physics of the Russian Academy of Sciences.

Author contribution: Bormotov DS — experiment, data analysis, manuscript editing; Shamraeva MA — data analysis, preparation of illustrations, manuscript
writing; Kuzin AA — experiment; Shamarina EV — experiment, ion source development; Eliferov VA — ion source development; Sikin SV — experiments,
data analysis; Zhdanova EV — data analysis; Pekov SI — study concept, manuscript writing; Popov IA — search for sources of funding, project management,
manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of N. N. Burdenko National Medical Research Center of Neurosurgery
(protocols Ne40 of 12 April 2016 and Ne131 of 17 July 2018) and conducted in accordance with the Declaration of Helsinki (2000 and subsequent revisions). All
patients signed a voluntary informed consent form to participate in the study with use of biomaterials for research purposes.

><] Correspondence should be addressed: Stanislav |. Pekov
Bolshoy Blvd., 30, ctp. 1, 121205, Moscow, Russia; stanislav.pekov@forwe.ru

Received: 27.11.2022 Accepted: 14.12.2022 Published online: 30.12.2022
DOI: 10.24075/brsmu.2022.072

NMPAMOE MACC-CMNEKTPOMETPUYECKOE MPO®UIMPOBAHUE MEHUHIMOM: UHTPAOMEPALVOHHbIN
MOHUTOPUHI HA OCHOBE OHKOMETABOJTINTOB

0. C. Bopmotos', M. A. LLlampaesa’, A. A. KyauH', E. B. LLlamapura', B. A. Enndpepos’, C. B. Cunkud', E. B. XKnarosa', C. . Mexkos?*=, . A. Mornos’

T MOCKOBCKUIA (DUBNKO-TEXHUYECKII UHCTUTYT, [JonronpyaHsii, Poccus
2 CKONKOBCKUI MHCTUTYT Hayku 1 TexHonoruin, Mockea, Poccust
3 CMOMPCKMIA roCyAapCTBEHHbIN MeAULMHCKUIA yHBEpCKTET, Tomck, Poccus

OCHOBHbIM METOLOM fle4EHUs1 MEHUHIVIOM Ha MEepPBOM aTare ABMSETCS HEMPOXMPYPrmyeckoe BMELLaTeNnbCTBO C MakCUMAanbHOW paamnkanbHOCTb. [Ons
MOBbILLEHUST MOMHOTbI PE3EKLMN B HACTOsILLIEe BPeMS paspabaTbiBatoT pasnyHble NOAXoAbl MHTPAonepaLyioHHON AMarHOCTUKWN, B HaCTHOCTU, OnvpatoLLyecst
Ha MPUHLMMBI MONEKYNSAPHOro NpodunmpoBaHms. OCHOBaHHbIE Ha MaCcC-CNEKTPOMETPUN C MPSMOA MOHM3aLUMe, NOA0OHbIE METOAb! AEMOHCTPUPYIOT CBOKO
3(PHEKTUBHOCTb Ha Pa3NYHbIX BULAX OMyXonei, OAHaKO 0COBEHHOCTI MONEKYNISIPHOMO CTPOEHMS U MEXaHWNHECKVIE XapaKTEPUCTUKN MEHUHIIOM HE MO3BONSIOT
HanpsiMyto TPaHCAMPOBAaTL NMPOTOKOSbI, pa3paboTaHHble ANs Apyrinx HO30M0ruiA. Liensto paboTbl Bbl10 MPOBECTH CPaBHEHNE BO3MOXXHOCTEN MPUMEHEHNS TPeX
METOAOB NPSMOW MOHN3aLMW A1 UICCNE[0BaHNS 00pasLI0OB MEHUHIOM: METOAA MPSIMOro CMPEest C TKaHW, METOL, KapTPUIDKHOM SKCTPaKLMM 1 METOAA NOHU3aLMM
C MOBEPXHOCTW chepmnyeckoro NpobooTobopHMKa. [ns aToro aHanmMavpoBann NUNUOHbIA 1 MeTaboMMHECKUn NPOMUIb TKaHE MEHUHIIOM, UCCEYEHHbIX B
XOAEe MIIaHOBOro HEMPOXMPYPrMYecKoro BMeLlaTenscTaa. bbino nokasaHo, YTo ANs aHamsa AMnaHbIX KOMIOHEHT MONEKYNSPHOrO Npoduas onTUMasibHbIM
ONS KIMHUYECKOro MPYMEHEHNS OKa3bIBAETCH METO[, KapTPWUMKHOM SKCTPaKLmM, OTMHaoLMCS Hambonee NpPOCTON peanusaument 1 MakcumManbHom
VH(OPMaTMBHOCTBIO. [Na aHannsa OHKOMETaboNMTOB C Masno MONEKYNSPHOW MacCom NyyllnM BbIOOPOM SBASETCA METOL MOHM3aLMM C MOBEPXHOCTU

chepun4eckoro NpoGooTEOPHMKA, 06ECTIEHVBAIOLLI BBICOKYHO HyBCTBUTENBHOCTb M HAMITYLLYIO MPOU3BOAUTENBHOCTE MACC-CNEKTPOMETPUHECKOIO KOMMIEKCa.
KntoyeBble cioBa: Macc-CrekTpOMETPUS, MPsiMast OHM3aLIMS, SN1eKTPOopachblMTEIbHAs NOHU3ALINS, MEHUHIMOMA, UMb, OHKOMETabONTbI

®duHaHcupoBaHue: paboTa BbiMOMHEHa B PaMKkax rocyAapCTBEHHOMO 3adaHns MyHCTEPCTBa Hayky 1 BbiCLLero obpadosaHus (cornatenne Ne 075-00337-20-02,
npoekT Ne 0714-2020-0006), ¢ ncnons3osaHem obopynosaHus LIKIM ®ULL XD nm. H. H. CemeHosa PAH.

Bknag aBTtopos: [1. C. BopMOTOB — NpoBeAeHne aKcneprMeHTa, aHannsa fdaHHbIX, peaakTupoBaHue ctatbi; M. A. LLlampaeBa — aHanna faHHbIX, NOAroToBKa
vnntocTpaunii, HanncaHve ctatbn; A. A. KysnmH — npoBefeHve akcnepumenTa; E. B. LamaprHa — npoBegeHve aKcrnepumeHTa, paspaboTka MOHHbIX
MCTOYHMKOB; B. A. EnncbepoB — paspaboTka MOHHbIX MCTOYHMKOB; C. B. CUNK1MH — npoBeaeHne aKCrnepuMeHToB, aHanna aanHbix; E. B. YKnaHoBa — aHanua
nanHbIx; C. V1. MekoB — KoHLenuws, HanvucaHne ctatobn; . A. TIonoB — MovcK UCTOYHMKOB (hMHAHCMPOBaHWS, PYKOBOACTBO, PeaakTMpoBaHme cTaTbi.

CobniofeHne 3TUHECKMX CTaH[apTOB: MCCnefoBaHne ofobpeHo atndeckm komutetoM HMULH nvenn H. H. Bypaerko (npotokonsl Ne 40 ot 12 anpens
2016 . 1 Ne 131 o1 17 mona 2018 ), MpoBeAeHO B COOTBETCTBUM C MPUHLMNAaMK XenbCUHKCKON Aeknapaum (2000 r) 1 ee nocnepytoLLmx nepecmoTpos. Bee
naLveHTbl NOAMMCaM JOBPOBONBLHOE NHAOPMUPOBAHHOE COMIacke Ha y4acTue B UCCNEAOBAHN 1 MCMONb30BaHVe B1OMAaTepanoB B CCNIEA0BATENLCKUX LIENSX.

D><] Ansa koppecnoHgeHuum: CtaHncnas Viropesny MNekos
Bonbluoin bynbeap, 4. 30, cTp. 1, Mockea, 121205, Poccus; stanislav.pekov@forwe.ru

Cratbs nony4eHa: 27.11.2022 CtaTbsi NpuHATa K neyatn: 14.12.2022 Ony6nukoBaHa oHnaiH: 30.12.2022

DOI: 10.24075/vrgmu.2022.072

BULLETIN OF RSMU | 6, 2022 | VESTNIKRGMU.RU nI-




OPUI'MHAJTbHOE NCCNELOBAHWE | HEMPOXUPYPT IS

Of all the meningeal tumors of the central nervous system
(CNS), meningiomas are the most clinically significant. These
brain tumors commonly occur in adults and account for over
36% of the total number of newly diagnosed CNS tumors
[1, 2]. They are predominantly discovered by chance, i. e.
the disease develops asymptomatically at the initial stage,
but clinical symptoms can be observed in 15% of cases.
Incidence of meningiomas increases with age; in addition, they
are unusually common in females of reproductive age (~3 : 1
female predominance in this age group) [3]. This may be due
to the peculiarities of the hormonal profile of women. Clinical
symptoms are highly variable and depend on the location of
the tumor. As with other intracranial tumors, meningiomas may
present with manifestations of intracranial hypertension in the
form of headache, nausea, vomiting, and reduced visual acuity [4].

Treatment of symptomatic meningioma begins with radical
microsurgical or endoscopic removal of afflicted tissue [5, 6].
Although many brain tumor visualization methods have been
developed in recent time, tumor delimitation is not performed in
real time in most clinical cases. MRI methods, applied primarily
prior to the operation, are presently employed in both diagnosis
and operation navigation. As of other clinically relevant methods,
use of fluorescent molecular imaging [7] is limited mainly by
the specificity and sensitivity of the study being performed, and
intraoperative ultrasound is not applicable if tumor density is
close to that of intact tissue. Histopathological methods are
the gold standard in tumor assessment and provide diagnostic
information during surgery within half an hour, but they are
usually limited to one segregated sample (or a small number
thereof) from each operation and are not used to delimit tumors.

Various intraoperative diagnostic methods currently
in development aim to increase the efficiency of surgical
intervention [8, 9], enabling control over composition of the
excised tissue; some methods are based on molecular profiling
[10-13]. For example, gangliosides are used to differentiate
astrocytoma [14]. Lipid profiles, oncometabolites, and specific
neurometabolites such as n-acetylaspartate (NAA) are also
used to delimit tumors [15, 16].

Ambient MS allows to analyze excised tissues almost in real
time. The registered molecular profiles contain information both
on the metabolic profile of tissues and on the change in the ratio
of various lipids, which makes it possible to facilitate automatic
classification by presence and proportion of malignant cells in
the test sample [17, 18]. Thus, using rapid extraction of lipids
and metabolites from tissue [13, 17, 19] or touch spray ionization
[15, 20, 21], methods have been developed to differentiate
various tumors from intact tissue. However, choice of a direct
ionization method that is optimal for further development of
methods for intraoperative meningioma monitoring is non-trivial
due to the specifics of the molecular structure of meningeal
tumors. The aim of this work was to compare three methods
of mass spectrometric profiling and determine their applicability
for solving the problems of differentiating afflicted and intact
tissue in patients with meningioma.

METHODS

Histologically annotated and anonymized samples of
meningiomas were provided by the N. N. Burdenko National
Medical Research Center of Neurosurgery. All samples
were obtained as part of planned operations for resection
of pathological brain tissue.

Three methods of molecular profiling have been applied to the
samples: spray from tissue (SFT) [22, 23], inline cartridge extraction
(ICE) [171], and touch spherical sampler probe spray (SSP) [21].

To analyze meningioma samples using SFT [22, 23], a
sample about 2 mm in size is placed on the tip of a disposable
injection needle located at a distance of 10 mm from the
vacuum interface of the mass spectrometer (Fig. 1).

The solvent is fed through a fused silica capillary with a flow
rate of 3 pl/min directly onto the surface of the sample to extract
lipids and metabolites. The molecules are ionized immediately
after extraction by a voltage of up to 4-6 kV applied to the
injection needle (selected empirically based on the geometric
parameters of the sample), which ensures the formation of a
Taylor cone and electrospray at the end of the needle.

To implement ICE [17], a disposable cartridge with a sample
is inserted into the solvent supply line using common HPLC
fittings for supplying solutions (Fig. 2).

The cartridge is a stainless steel tube with an internal
diameter of 1.8 mm. A sample sized approximately 1 mm?
is placed in the cartridge. The molecules from the sample are
extracted by the solvent flowing through the solvent supply line
at 2 pl/min. To connect to the line, two short sections of PEEK
(polyether ether ketone) capillary are inserted into the tube and
crimped to prevent leaks. The glass fiber filter in the cartridge
prevents macroscopic parts of the sample from entering the line
and blocking it. A standard commercially available electrospray
ion source is installed at the end of the line after the cartridge.
The voltage on the ion source is 3 kV in the positive-ion mode
and 4 kV in the negative-ion mode.

SSP [21] uses fibrous samplers of spherical shape
followed by electrospray ionization directly from their surface.
A sampler is a rod of cleaned and pressed polymer fibers
(specifically polyethylene terephthalate) 10 mm long, 2 mm in
diameter. A sample is taken through a swab touch using the
aforementioned porous sampler. The sampler is then fixed in a
special ion source, where the solvent (80 pl) and high voltage
(5 kV) are supplied for electrospraying.

To compare the effectiveness of the various direct
ionization methods, we analyzed three meningioma samples
obtained from three patients. Each meningioma sample was
divided into three parts and analyzed by each of the proposed
methods. The results of the study were validated on samples
of meningiomas obtained from three different patients. The
experiments were performed using an LTQ XL Orbitrap ETD
hybrid mass spectrometer (ThermoFisher; USA) in full scan
mode with m/z 100-2000. Mass spectra were obtained using
both low resolution mass analyzers (LTQ XL ion trap in “normal”
scan mode) and high resolution mass analyzers (Orbitrap with
30,000 FWHM resolution at m/z = 400). The temperature of
the heating capillary at the entrance to the mass spectrometer
was 220°C. The extraction solvent consisted of methanol
(MeOH, > 99.9% HPLC; Merck KgaA; Germany), isopropanol
(i-PrOH, > 99.9% HPLC; Merck KGaA, Germany), acetonitrile
(ACN, > 99.9% HPLC; Merck KgaA, Germany), and deionized
water (H,0, p = 17 MQ x cm) in a ratio of 3 : 3 : 3 : 1 (vol.),
with the addition of 0.1% (vol.) acetic acid (CH,COOH, >99%;
Merck KgaA, Germany), which is optimal for extraction of lipid
molecules and metabolites from soft fabrics, as well as suitable
for use in electrospray ionization sources.

The most intense peaks were additionally annotated with
exact mass readings using the LipiDex software [24], and with
isotopic distribution using the Xcalibur™ software (Thermo
Scientific-Jose; USA).

RESULTS

For all three methods (SFT (Fig. 3), ICE (Fig. 4A) and SSP (Fig. 4B)),
the high-resolution mass spectra in the positive-ion mode are
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characterized by similar composition and relative intensity of
the spectra of ions associated with lipids (600 < m/z < 900.
Positive ions are registered in the form of protonated ions or
jons cationized with sodium or potassium. The ICE and SSP
spectra showed an additional intense group of peaks (1450 < m/z <
1650), where two groups of peaks (one characteristic of
cardiolipins, the other for membrane lipid dimers) superposed.
While the SFT and ICE spectra exhibit close signal-to-noise
ratios, the same indicator is two to four times lower for SSP
spectra, complicating discovery and analysis of low-intensity
peaks.

Low resolution in the positive-ion mode vyields similar
spectra. SFT spectra additionally revealed an approximately
2.5 times higher intensity of lipid peaks (Fig. 5A), and,
accordingly, a lower relative (but not absolute) intensity of peaks
in m/z 100-400 in comparison with the ICE spectra (Fig. 5B).
SSP spectra showed a reduced intensity in the region of the
spectrum characteristic of lipids, but an increased intensity
and diversity of peaks in low masses, where metabolites were
recorded (Fig. 5C).

Characteristic lipid peaks were detected in all high-
resolution spectra in the negative-ion mode (Figs. 6 and 7). The
signal intensities of molecules of different classes vary between
the three methods to a much lesser extent than in the positive-
ion mode. However, only two methods of direct ionization
(ICE and SSP) registered ions corresponding to the NAA
neurometabolite, characteristic of intact nervous tissue [25,
26], in the spectra. The presence of this metabolite indicates
that the studied samples were taken from the border of the
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feed
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tumor. The low-resolution spectra in the negative-ion mode are
similar to each other in terms of the lipid ions (the results are
completely identical to the corresponding high-resolution mass
spectra and are not presented here). However, NAA could not
be identified in any of the spectra obtained in this mode.

DISCUSSION

Rapid tissue analysis using ambient mass spectrometry is
currently in consideration as a tool for molecular diagnosis of
CNS tumors. While the idea of embedding molecular profiling
methods in a surgical instrument [11, 19] is indeed attractive,
its implementation is associated with disadvantages similar to
those of intraoperative tomography. The need to equip each
operating room with an expensive mass spectrometer, in
addition to the complexity of certification of such complexes,
makes it difficult to introduce them into clinical practice. At the
same time, offline analysis methods [13, 17], in which a tissue
sample is taken in vivo during resection and then analyzed
ex vivo in a pathological laboratory, can be easily integrated
into routine practice, which provides quick feedback to the
surgeon and enables precise tumor excision. When integrated
as a standard practice in rapid histological examination of
clinical images, molecular profiling provides information on
excised tissue within minutes, where the primary rate-limiting
factor is the time required for transit of the sample between the
operating room and the laboratory.

Each of the presented methods of ambient ionization
of tumor tissues has a set of characteristic features. SFT
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Fig. 2. ICE installation diagram
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Fig. 3. Positive-ion high-resolution mass spectra of meningioma samples: SFT

completely eliminates the possibility of cross-contamination
(i.e., the presence of residual molecules of the previous
sample in the analysis of the current one, and their effect
on the mass spectrum), since the only elements of the ion
source that come into contact with the analyzed image
completely disposable. However, the stability of ionization,
which is important for obtaining reliable and repeatable test
results, depends on the shape of the analyzed tissue sample.
Since meningeal brain tumors generally have low mechanical
rigidity and high plasticity, it is difficult to control the shape
and size of the sample; therefore, additional adjustment of the
voltage in the ion source is required for each sample, which
reduces efficiency and requires additional staff qualifications.
ICE enables a highly stable ionization process due to the
use of a standard mass spectrometer electrospray source. lon
sources of this type are widespread and are used to analyze
various biological molecules, including those used in medical
diagnostics. However, the need to flush the ion source between
samples reduces performance of the method, since insufficient
A
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cleaning of the ion source can lead to cross-contamination
between samples and, consequently, erroneous identification
of oncometabolites in the test sample.

SSP, which employs disposable samplers, eliminates the
problem of sample cross-contamination, which is characteristic
of ICE, and simplifies the analysis process in comparison
with SFT. The spherical shape of the rigid samplers ensures
the geometry of the ion source is constant and simplifies the
sampling process, which consists only of touching the sample
with the tip of the sampler. The inertness of the materials from
which the sampler is made also makes it possible to use it
for sampling directly in the operating room, if appropriate
certification is carried out. Despite these advantages, SSP is
less efficient for the analysis of the lipid component of the
molecular profile in the positive-ion mode. Importantly, this
includes phosphatidylcholines and other components of cell
membranes, which change significantly in the process of
malignancy. However, in the negative-ion mode in the spectrum
of the lipid component, phosphatidylserines in particular are
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Fig. 4. Positive-ion high-resolution mass spectra of meningioma samples: ICE (A) and SSP (B)
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observed, which make up a significant proportion of lipids In contrast to the lipid component, the efficiency of

in the cell membranes of intact brain tissue, which makes it  ionization of low-mass metabolites ionized in the m/z range
possible to use SSP to differentiate tumor and intact tissue ~ 100-400 turned out to be comparable for all ionization
using molecular profiling data. methods. However, the metabolic profile obtained using SFT
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Fig. 7. Negative-ion high-resolution mass spectra of meningioma samples: ICE (A) and SSP (B). C. Structural formula of the neurometabolite NAA

was less diverse, as it showed less mass-spectrometric
peaks. Significantly, none of the experiments using this
method detected NAA, which was registered when these
samples were simultaneously examined using other
ionization methods. This result is likely associated with
lower efficiency of extraction of water-soluble metabolites
from a whole tissue sample by washing the sample with
a solvent during ionization compared to a more complete
cartridge-aided extraction, or to efficient transfer of
moderately hydrophobic analytes to the surface of a fibrous
sampler.

SSP in the negative-ion mode, in turn, appears promising for
express surgical evaluation of the tumor resection margin. Due
to the relatively high ion intensity in this range, it seems possible
to detect an oncometabolite, in particular NAA, and provide
an assessment of tumor infiltration, which is of paramount
importance when trying to maximize glioma resection
(a favorable prognostic factor for patients with glioma).
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