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ARTICLE INFO ABSTRACT

Keywords: Purpose: Bladder cancer (BC) is the 10th most common form of cancer worldwide and the 2nd most common

Silver nanoparticles cancer of the urinary tract after prostate cancer, taking into account both incidence and prevalence.

I];]_)I'Msk Materials/methods: Tissues from patients with BC and also tissue extracts were analyzed by laser desorption/
iomarkers

Bladder cancer

109
Human tumor tissue (""AgNPET).

ionization mass spectrometry imaging (LDI-MSI) with monoisotopic silver-109 nanoparticles-enhanced target

Results: Univariate and multivariate statistical analyses revealed 10 metabolites that differentiated between tumor
and normal tissues from six patients with diagnosed BC. Selected metabolites are discussed in detail in relation to
their mass spectrometry (MS) imaging results. The pathway analysis enabled us to link these compounds with 17
metabolic pathways.

Conclusions: According to receiver operating characteristic (ROC) analysis of biomarkers, 10 known metabolites
were identified as the new potential biomarkers with areas under the curve (AUC) higher than >0.99. In both
univariate and multivariate analysis, it was predicted that these compounds could serve as useful discriminators of
cancerous versus normal tissue in patients diagnosed with BC.

1. Introduction

Bladder cancer (BC) is the 12th most common form of cancer
worldwide and the 2nd most common cancer of the urinary tract after
prostate cancer, taking into account both incidence and prevalence [1].
Globally, 573,278 new cases of BC were diagnosed in 2020. In terms of
incidence, it is the 6th most common cancer in men, the 17th in women
and the 10th most frequent cancer in both sexes [1]. Cystoscopic exam-
ination of bladder remains the gold standard for BC diagnosis, but it is
invasive, associated with discomfort, sometimes painful and costly. It is
estimated that 4-27% of tumors are omitted during the examination.
This value increases to 32-77% in the case of carcinoma in situ (CIS) [2].

In recent years, numerous urine-based BC biomarkers have been
evaluated but currently there is no reliable diagnostic and prognostic BC
biomarker that has been accepted for diagnosis and follow-up in routine
practice or clinical guidelines and which could be an alternative to
cystoscopy. Over the past decade, due to the molecular specificity and
sensitivity mass spectrometry (MS) has been used as a main technique in

biomarker discovery field [3]. Two-dimensional variety of MS — mass
spectrometry imaging (MSI) plays an increasingly important role in the
field of molecular imaging because it allows direct mapping of the distri-
bution of a variety of endogenous and exogenous compounds within bio-
logical tissues with high specificity and without the need for radioactive or
fluorescent radioactive labelling normally used in histochemical protocols
[4]. BC tissues were studied previously with MSI techniques such as
matrix-assisted laser desorption ionization (MALDI) [5] and desorption
electrospray ionization (DESI) [6]. It should be noted that there are no BC
MS and MSI results made with the use of nanoparticle-based methods
published to date. It is important to state that nanoparticle-based methods
have many advantages with regard to other methods including very effi-
cient cationization of low molecular weight compounds, relatively high
sensitivity of analyte detection, very low chemical background and high
mass accuracy due to internal calibration, unlike commonly used one -
MALDI. They allow for higher lateral resolutions and higher sensitivity
when compared to DESL In our recent publications we presented new
methods such as gold nanoparticle-enhanced target (AuNPET) [7], silver
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nanoparticle-enhanced target (AgNPET) [8] and monoisotopic silver-109
nanoparticles-enhanced target (109AgNPET) [9] with results of their
application for imaging of plant, animal and human tissues [10-12].

2. Materials and methods
2.1. Participants

Cancer and normal tissue samples were collected from 6 patients
(Caucasian race, average age 65 years, 2 females and 4 males) with
diagnosed BC at John Paul II Hospital in Kolbuszowa (Poland). All pa-
tients underwent transurethral resection of bladder tumor (TURBT)
following a detailed clinical history and laboratory examination. Each of
these patients had at least an abdominal ultrasound to exclude other
tumors (patients with urolithiasis usually also had a CT scan) and a basic
package of laboratory tests required for urological surgery to exclude
inflammation. Whole tumor and a small fragment of adjacent healthy
uroephitelium were resected (cancer and control tissue). The histopath-
ological analysis of resected tumors from all patients, confirmed non-
invasive (pTa) low-grade (LG) urothelial papillary carcinoma, accord-
ing to 2004 WHO grading system [13,14]. Control tissues were free of
cancer cells. The clinical characteristics of the patients are presented in
Supplementary Table S1.

2.2. Materials and equipment

Silver-109 (min. 99.75% of %°Ag) isotope was purchased from
Buylsotope (Neonest AB, Stockholm, Sweden) and transformed to tri-
fluoroacetate salt by commonly known methods (involving dissolving in
HNO3, precipitation of 1°AgOH and reaction with trifluoroacetic acid)
and recrystallized from tetrahydrofurane/hexane system. 2,5-Dihydroxy-
benzoic acid (DHB) was purchased from Sigma-Aldrich (St. Louis, USA).
Steel targets were locally machined from H17 stainless steel. All solvents
were of high-performance liquid chromatography (HPLC) quality, except
for water (18 MQ water was produced locally) and methanol (liquid
chromatography-mass spectrometry - LC MS - grade, Fluka™, (Seelze,
Germany). The silver-109 nanoparticles were synthesized on the surface
of steel targets as described in our recent publication [9]. Optical pho-
tographs of tissue samples were made with the use of an Olympus SZ10
microscope equipped with an 8 MPix Olympus digital camera (Hamburg,
Germany).

2.3. Preparation of monoisotopic silver suspension

Four miligrams of silver-109 trifluoroacetate (:°?AgTFA) and 14 mg
of DHB were quantitatively transferred to a glass tube by dissolving in 2
ml of isopropanol and 2 ml of acetonitrile. The prepared solution was
placed in an ultrasonic bath set at 50 °C for about 30 min. After this time,
the suspension was ready to use.

2.4. Imaging sample preparation

Tissues from 6 patients with the same tumor stage and grade were
selected for LDI-MSI analysis. Three independent imaging experiments
were performed to exclude possible random results, one for tissues from
patient no. 1, another for patients no. 2-4 and the last for patients no. 5
and 6. The material examined was six pairs of BC and normal tissue
fragments of average 3 x 3 mm size. MS imaging for patient no. 1 was
carried out within about an hour after the material was collected after
surgery. Until then, the tissue samples were stored at a temperature of
approx. 2-4 °C. Tissues from patients no. 2-6 were stored at —60 °C and
thawed to 4 °C before the MSI measurements. To remove excess liquid
material, samples were touched to cellulose filter paper (3 times). Next,
with the use of sterile needles and tweezers, a few imprints of the
examined tissues were made on the previously prepared °’AgNPET
plate. The material was transferred from the BC patients to the
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109AgNPET substrate by briefly touching (3 s) the tissue samples to steel
surface with light pressure. Steel target with imprints was placed on a
computer-controlled 3D positioning table and sprayed with nanoparticles
using an electrospray ionization mass spectrometry (ESI-MS) nebulizer
with nitrogen as nebulizing gas (2 bar). Target was placed in a MALDI
time-of-flight MS (MALDI-ToF/ToF MS) (Autoflex Speed ToF/ToF,
Bruker, Bremen, Germany) and selected imprints were then directly
analyzed.

2.5. LDI-MS imaging experiments

LDI-MSI experiments were performed using a Bruker Autoflex Speed
ToF/ToF mass spectrometer (MALDI ToF/ToF, Bruker, Bremen, Ger-
many) in positive-ion reflectron mode. FlexImaging 4.0 software was
used for data processing and analysis. The apparatus was equipped with a
SmartBeam II 1000 Hz 355 nm laser. Laser impulse energy was approx-
imately 100-190 pJ, laser repetition rate was 1000 Hz, and deflection
was set on m/z lower than 80 Da. The m/z range was 80—2000 Da, spatial
resolution 250 x 250 pm. The experiments were made with 20,000 laser
shots per individual spot with a default random walk applied (random
points with 50 laser shots). All spectra were calibrated with the use of
silver ions (1°°Ag * to 1%°Agfo). The first accelerating voltage was held at
19 kV, and the second ion source voltage was held at 16.7 kV. Reflector
voltages used were 21 kV (the first) and 9.55 kV (the second). All of the
ion images were within +0.05% of m/z. Total ion current (TIC)
normalization was used for all results shown.

2.6. Preparation of tissue extracts

Small portions of frozen neoplastic bladder tissue (n = 6) and normal
control tissues (n = 6) of approximately 2 mg each were transferred to
Eppendorf tubes and then homogenized by three cycles of freezing and
thawing. Next to the homogenates 500 pl of 2:1 (v/v) chloroform/
methanol were added and then extracted for 30 min in ultrasonic bath (at
2-4 °C.) The tubes were centrifuged for 5 min at an acceleration of
6000xg and the phases were allowed to separate. The water-methanol
and methanol-chloroform phases were transferred to separate tubes
and then methanol-chloroform phases were diluted 100x whereas the
water-methanol phases were measured without dilution. Volume of 0.3
ul of each sample was placed on 1°°AgNPET and allowed to dry at room
temperature and target placed in a MALDI ToF/ToF MS. Tissue extracts
were made to confirm the structure of the identified compounds by MS/
MS measurements.

2.7. LDI-MS and MS/MS of tissue extracts

LDI-MSI experiments were performed using a Bruker Autoflex Speed
MALDI ToF/ToF MS (Autoflex Speed ToF/ToF, Bruker, Bremen, Ger-
many) in positive-ion reflectron mode. The apparatus was equipped with
a SmartBeam II 1000 Hz 355 nm laser. Laser impulse energy was
approximately 100-190 pJ, laser repetition rate was 1000 Hz, and
deflection was set on m/z lower than 80 Da. The m/z range was 80—2000
Da. Spectrum for each extract contained data from 20k laser shots with a
default random walk applied (random points with 50 laser shots). All
spectra were calibrated with the use of silver ions (1°°Ag * to 1®Ag{y).
The first accelerating voltage was held at 19 kV, and the second ion
source voltage was held at 16.7 kV. Reflector voltages used were 21 kV
(the first) and 9.55 kV (the second). MS/MS measurements were per-
formed using the LIFT (low mass) method [15]. The mass window for
precursor ion selection used was +0 Da. FlexAnalysis (version 4.0,
Bruker, Bremen, Germany) was used for data analysis.

2.8. Data processing

The average spectra of the imprint area of cancerous and normal
tissue from patient no. 1 were generated and then compared in the using
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the SCiLS Lab software version 2016b (SCiLS, Bremen, Germany) and
FlexAnalysis (version 4.0, Bruker, Bremen, Germany). Statistical analysis
was performed using the Cardinal MSI (R package) [16] with hotspot
suppression and Gaussian smoothing applied and MetaboAnalyst 5.0
platform [17]. Database search of chemical compounds were carried out
using a custom-made program. Theoretical m/z values were calculated
using ChemCalc program available online [18].

Data of peak mean abundance from the entire area of the examined
cancer (n = 6) and control (n = 6) tissue were formatted as comma
separated values (.csv) files and uploaded to the MetaboAnalyst 5.0
server [17]. Metabolite data was checked for data integrity and
normalized using MetaboAnalyst's normalization protocols (normaliza-
tion by sum, log transformation and auto-scaling), both for biomarker
and pathway analyses. Univariate analysis (t-test), fold-change analysis
and orthogonal partial least squares discriminant analysis (OPLS-DA)
were applied to calculate the statistical significance of the metabolites
between the two groups (cancer over control). To identify the potential
biomarkers associated with BC, the Receiver Operating Characteristic
(ROC) curve was applied using biomarker analysis module of Metab-
oAnalyst v 5.0. The ROC curves were generated using an algorithm based
on Monte-Carlo cross validation (MCCV) through balanced subsampling
coupled with linear support vector machine (SVM) for the classification
method and SVM built-in for the feature ranking method. To identify the
most relevant metabolic pathways involved in BC, metabolic pathway
analysis was performed using MetaboAnalyst with Homo sapiens pathway
libraries.

3. Ethical issues

The study protocol was approved by local Bioethics Committee at the
University of Rzeszow, Poland (permission no. 2018/04/10) and per-
formed in accordance with relevant guidelines and regulations, including
the 1964 Helsinki declaration and its later amendments. Specimens and
clinical data from patients involved in the study were collected with
written consent.

4. Results and discussion

109AgNPET method was used previously for LDI-MS analysis of low
molecular weight (LMW) compounds and biological material and was
shown to be a promising alternative to traditional MALDI method [9,19].
LDI-MSI experiments were performed by measuring series of
high-resolution MS spectra with 250 x 250 pm resolution of bladder
tissue imprints of ca. 3 x 3 mm size made on 1°?’AgNPET target plate. In
order to estimate whether there is a sample-related differentiation be-
tween cancer and normal tissue imprints, a statistical analysis was per-
formed for patient no. 1 tissue pair. Data derived from MSI experiment
were analyzed by comparison of average spectra of cancer and normal
areas by spatial shrunken centroids with adaptive weights (SSCA). The
mentioned method allows estimation of the probability that a location of
interest belongs to a particular segment and was previously used among
others for segmentation of data for whole-body MALDI MSI experiment
[20]. Images of the major regions of the BC tissue from patient no. 1 were
outlined by SSCA segmentation as shown in Supplementary Fig. S1. What
is interesting, images generated with the aid of Cardinal MSI with SSCA
method are very similar to the ion images obtained in MSI experiment
and suggest that: (i) areas of imprints are clearly different from target
area with no fuzzy boundaries and (ii) cancerous area is clearly different
from the normal one.

4.1. Identification of metabolite biomarkers

The analysis of MSI data revealed a list of 28 compounds for which
the highest abundance differences between the normal and cancerous
areas. Only those ion images were selected for which the trend for a given
m/z value was similar in all 6 experiments. As judged from generated ion
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images 2 adducts have higher average intensities in cancer tissue, and the
next 26 ions are of higher intensity in normal tissue. The list of identified
compounds is presented in Supplementary Table S2. The identity of some
of compounds was confirmed with LIFT® MS/MS experiments (Supple-
mentary Table S3). Metabolite mean abundance data from both cancer
and normal tissue regions of 28 identified compounds were further
subjected to supervised and unsupervised multivariate statistical analysis
using the MetaboAnalyst 5.0 online software. The 2D principal compo-
nents analysis (PCA) score plots of both subsets indicated good separa-
tion between the cancer and the normal tissue regions (Fig. 1A).

The best separation of groups was obtained along principal compo-
nents 1 and 2 (i.e. PC1 and PC2) which accounted for 61.2% and 18.8%,
respectively. The separation between the BC and normal tissue samples
was further examined using the supervised multivariate statistical anal-
ysis - Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA)
(Fig. 1B). We conducted 2000 permutation tests to evaluate the statistical
robustness of the OPLS-DA model (Supplementary Fig. S2). Good
discrimination was observed between cancer and normal groups (Q? =
0.774, R%Y = 0.998, P-value <0.03 (0/2000)). Potential BC biomarkers
were selected on the basis of the variable influence on projection (VIP)
value resulting from the OPLS-DA model (Fig. 1C). By combining the VIP
(>1.0) with the results from the independent t-test (P-value from t-test
<0.05) and fold change analysis (0.5 < FC > 1.2) 10 metabolites were
selected as differential for BC tissue and normal samples (Table 1). All
data for identified compounds analyzed within this work are presented in
Supplementary Table S2.

Next, univariate ROC curve analysis was separately performed to
evaluate the diagnostic ability of the models. ROC curves analyses were
used to estimate the accuracy of combined signatures model of imaging
data. The areas under curves (AUC) of ROC curves were used to deter-
mine the diagnostic effectiveness of important metabolites. Applying a
ROC approach to biomarker analysis allowed characterization of diag-
nostic accuracy, and evaluation of the predictive accuracy. The results
indicated that all previously selected metabolites have AUC above 0.81
(Table 1). The best ROC analyses with the highest statistical significance
were obtained for hypotaurine and 3-methylbutanal (AUC = 0.944,
specificity = 1.0 and sensitivity = 0.8). The classification ROC model was
based on a random forest algorithm. As shown in Fig. 1D, the combina-
tion of levels of 10 selected metabolites was a better discriminator (AUC
= 0.993) than each metabolite separately. The results suggest that 10
specific metabolites: glycine, hypotaurine, 3-methylbutanal, ethyl-
phosphate, glutamine, myosmine, PI(22:0/0:0), aminopentanal, proline
betaine and methylguanidine coul, significantly increase the diagnostic
potential and serve as useful discriminators of cancer tissues from normal
tissues in patients diagnosed with BC. Ion images of all these compounds
that differentiate the neoplastic and normal area to the greatest extent
are presented in Figs. 2 and 3.

Ion images of 2 amino acids that play essential roles in human tissues
were generated and the structure of one of them was confirmed with LIFT
MS/MS method. One of the ion images of m/z 98.021 (Fig. 2 A) shows
spatial distribution of the [CoHsNO,+Na]™ adduct (sodiated glycine).
This ion was found to be present at a higher intensity in the normal tissue
compared with the cancer tissue. The decreased levels of glycine were
observed in lung cancer patients [21] and in serum of BC patients [22].
Similarly, ion assigned to potassium adduct of glutamine (m/z 185.032,
Fig. 2 E) was found at a higher intensity in the normal tissue compared to
the cancer tissue. NMR-based metabolomics studies have shown the
decreased blood levels of glutamine in plasma samples from pancreatic
cancer patients [23]. The decrease in the levels of the amino acids dis-
cussed above indicates an increased demand for these metabolites for
tumor growth. This observation suggests that tumor's biochemistry may
be associated with an increased glycolytic flux that has been found to be a
major source of respiratory energy for tumor cells, and with the need for
increased protein synthesis in tumor cells [24]. It has also been suggested
that glycolysis is required to maintain lipogenesis and cholesterogenesis,
that are essential for the growth and proliferation of tumor cells [25].
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Fig. 1. Metabolomic analysis of tissue samples from bladder cancer (BC) patients. (A) PCA and (B) OPLS-DA scores plots of the cancer (red) and control (green) tissue
samples. (C) VIP plot from OPLS-DA analysis. (D) The receiving operator characteristic (ROC) curves for the 10 selected metabolites.

Table 1

Mean metabolite abundance for controls vs. bladder cancer tissues. Bolded metabolites are considered statistically significantly different (P-value <0.05; VIP >1; FC <

0.5 and >1.2) between controls and cancer tissues.

No. Compound name Addut type m/z P-value® Fold Change® vIpf AUC Power of the test
Sensitivity [%] Specificity [%]

1 Glycine® [C2HsNO,+Nal+ 98.021 0.0025 0.30 1.56 0.92 100 83
2 Hypotaurine® [CoH;NO,S+1%%Ag] ™ 217.924 0.0035 1.39 1.54 0.94 83 100
3 3-Methylbutanal® [CsH100 + HIT 87.080 0.0053 0.19 1.47 0.94 83 100
4 Ethylphosphate” [CoH704P + KIT 164.971 0.0088 0.30 1.41 0.92 83 83
5 Glutamine” [CsH1oN203+K] ™ 185.032 0.0147 0.29 1.35 0.92 83 83
6 Myosmine” [CoH1oNo+HI " 147.092 0.0147 0.29 1.35 0.92 83 83
7 PI(22:0/0:0)" [C31He1012P+"%Ag] " 765.294 0.0171 0.19 1.32 0.92 100 83
8 Aminopentanal” [CsHNO + HI* 102.091 0.0214 0.39 1.29 0.83 100 67
9 Proline betaine® [C7H13NO,+Na] * 166.084 0.0417 0.44 1.17 0.83 100 67
10 Methylguanidine® [CoHyN3+Nal® 96.053 0.0451 0.45 1.16 0.81 67 83

Abbreviations: AUC - area under the curve; FC - fold change; PI - phosphatydylinositol; PS — phosphatidylserine; VIP - variable influence on projection.

@ Putative identification.

Y Identity confirmed with LIFT MS/MS method.

¢ Calculated m/z values.

d p_value determined from Student's t-test.

¢ Fold change between cancer and control tissue samples.
f VIP scores derived from OPLS-DA model.

Moreover, it was found that glycine metabolism is necessary and suffi-
cient for cell transformation and malignancy [26].

In the present study, 11 lipids that play essential roles in the human
body showed a large differentiation between neoplastic and normal tissue,
and their structures were in some cases successfully confirmed with LIFT
MS/MS method (Supplementary Tables S2 and S3). We found, that 5 ions
of 1%Ag isotope adducts of phosphoglycerol PG(32:1) (m/z 829.398),
phosphoinositol PI(22:0/0:0) (m/z 765.294), phosphoserines PS(0-30:1)
(m/z 800.383), PS(30:1) (m/z 814.362), phosphoethanolamine PE(34:4)
(m/z 820.388), 4 sodium adducts of diacylglyceride DG(44:1) (m/z
757.668), phosphocholine PC(40:10) (m/z 848.520), phosphoglycer-
olphosphate PGP(32:1) (m/z 801.471), phosphoethanolamine PE(26:1)
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(m/z 628.395), and 2 potassium adducts of phosphoserine PS(36:4) (m/z
822.468), sphingomyeline SM(d18:0/12:0) (m/z 689.499), dominated in
the cancer tissue MSI region compared to normal tissue. However, only 1
lipid - PI(22:0/0:0) showed statistically significant differentiation between
normal and neoplastic tissues (Fig. 3A). Lipids are the building blocks of
cell membranes and play important roles in various biological processes,
such as cellular signaling, chemical-energy storage, homeostasis,
apoptosis, metabolism, cell adhesion and migration, neurotransmission,
signal transduction, vesicular trafficking, post-translational modifications
and cell-cell interactions in tissues. These cellular processes are associated
with cellular transformations, cancer progression and metastasis. Lipids
are linked to cancer at the metabolic level and are expected to be present in
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Fig. 2. Results of LDI-MSI analysis of the surface of the bladder cancer (BC) specimens on '°AgNPET. The left sides of the individual metabolite panel (A-F) present
ion images (TIC normalization) for ions of m/z as stated below each image. The right sides contain plots of distribution of abundance values of metabolite in control
and cancer samples with optimal cut-off as a horizontal dashed line. All ion images are within +0.05 m/z.

cancer cells, tissues and biofluids. Multiple studies have demonstrated
altered lipid profiles in biological samples that have been screened to
identify biomarkers in cancer research [27,28]. Several reports have
shown the spatial distributions of many potential lipid-based biomarkers in
various malignant tumors such as lung [29], breast [30], ovarian [31],
colorectal [32], prostate [33], kidney [34], renal [35], bladder [36] and
thyroid cancers [37]. Dill et al. [38] demonstrated distributions of the
multiple lipids and free fatty acids species between cancerous and
noncancerous dog bladder tissue samples with desorption electrospray
ionization MS (DESI-MS). The same group of researchers in another study
used human BC tissue samples to visualize of glycerophospholipid (GP)
distribution in cancerous and normal tissue. They found that tumor tissue
shows increased intensities for different GPs such as phosphatidylserine
(PS) and phosphatidylinositol (PI) when compared to the normal tissue
[36]. Wittman et al. [39], measured multiple distinct compounds in human
urine samples, that differentiate BC from non-cancer controls. They
selected 25 potential biomarkers related to lipid metabolism.

Ion assigned to proton adduct of 3-methylbutanal (m/z 87.080;
Fig. 2C) was found in higher intensity in normal tissue compared to
cancer tissue. 3-Methylbutanal also known as isovaleraldehyde is an
aldehyde that occurs naturally in all eukaryotes. In humans, this com-
pound has been found to be associated with several diseases. Previous
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research revealed significantly reduced level of 3-methylbutanal in urine
samples from patients with clear cell renal cell carcinoma which may be
associated with higher level of aldehyde dehydrogenase that converts
aldehydes to their respective carboxylic acids and is often upregulated in
cancer [40]. Furthermore, in the human lung cancer cell line, 3-methyl-
butanal was found at decreased concentrations [41].

One of the ion images of m/z 166.084 (Fig. 2C) shows spatial distri-
bution of the sodium adduct of proline betaine. This secondary metab-
olite has been described previously as a highly effective osmoprotectant
in many plants. In humans, proline betaine was at reduced levels in
plasma samples from patients with esophageal squamous cell carcinoma
compared to healthy controls which is also in line with our results [42].
Similar results were obtained in metabolomic analysis of serum samples
from patients with preeclampsia [43]. Proline betaine was found to be
up-regulated in urine samples from patients with uterine cervix cancer
and renal cell carcinoma [44,45].

The MSI results of the bladder tissue imprint suggest, that the ion of
m/z 96.053 (Fig. 3 D) corresponds to sodiated adduct of methylguanidine
which was found in higher abundance in normal tissue. Methylguanidine
is an organic compound containing a guanidine moiety in which one of
the amino hydrogens is substituted by a methyl group. Endogenous
methylguanidine is produced by conversion from creatinine and some
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Fig. 3. Results of LDI-MSI analysis of the surface of the bladder cancer (BC) specimens on 109AgNPET. (A-D) The left sides of the individual metabolite panel (A-D)
present ion images (TIC normalization) for ions of m/z as stated below each image. The right sides contain plots of distribution of abundance values of metabolite in
control and cancer samples with optimal cut-off as a horizontal dashed line. All ion images are within +0.05 m/z.

amino acids [46]. Previous studies reported the potential toxicity of
methylguanidine [47]. Methylguanidine was proposed as a serum po-
tential biomarker of pancreatic cancer based on LC/GC-MS analyses
which revealed a higher abundance of this compound in serum of pa-
tients with this tumor compared to controls [48]. Higher level of meth-
ylguanidine was also observed in serum of patients with
cholangiocarcinoma [49]. This metabolite was identified in higher con-
centration in urine samples from patients with chronic pancreatitis by
NMR-based metabolomics [50]. Significantly increased level of methyl-
guanidine was identified in urine samples from dogs with BC compared
to controls in an NMR-based metabolomics study [51].

Ion images presenting higher average intensity in the area of normal
tissue were recorded for proton adduct of myosmine (m/z 147.092;
Fig. 2F). Myosmine is a derivative of pyridines which can be found in
tobacco and in various foods. It is suspected that this compound may be
related to esophageal cancer [52]. lon assigned to potassium adduct of
ethylphosphate (m/z 164.971; Fig. 2 D) was found in higher intensity in
normal tissue compared to cancer tissue. Ethylphosphate is an organic
compound that belongs to the class of monoalkyl phosphates. This
compound was identified in human saliva by LC-MS [53]. Also, the ion of
m/z 102.091 (Fig. 3 B) was found in higher abundance in normal tissue
and was assigned to [M+H]" adduct of aminopentanal.

Ion image that shows higher intensity in the area of cancer tissue has
been created for the m/z 217.924 which corresponds to the ®?Ag adduct
of hypotaurine (Fig. 2B). Hypotaurine is a sulfinic acid that is an inter-
mediate in the biosynthesis of taurine from cysteine sulphinic acid.
Previous research has established that hypotaurine has antioxidant
properties in vivo [54] and also acts as a neurotransmitter [55]. Previ-
ously, using 'H NMR, hypotaurine was found in increased level in serum
samples of BC patients resistant to neoadjuvant chemotherapy [56].
Elevated level of hypotaurine was found in saliva of patients with
medication-related osteonecrosis of the jaw [57]. In addition, hypo-
taurine was found to be upregulated in tissue of patients with colorectal
cancer and related to the progression of this tumor [58].
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4.2. Pathway analysis

A metabolic pathway impact analysis was performed to identify the
most relevant pathways involved in the observed changes of tissue
metabolite levels. Ten most significant metabolites were subjected to
pathway analysis and quantitative pathway enrichment analysis. Three
of them were found to be relevant to human metabolism (Table 2).
Seventeen metabolic pathways i.e., glyoxylate and dicarboxylate meta-
bolism, aminoacyl-tRNA biosynthesis, D-glutamine and D-glutamate
metabolism, nitrogen metabolism, taurine and hypotaurine metabolism,
arginine biosynthesis, glutathione metabolism, alanine, aspartate and
glutamate metabolism, porphyrin and chlorophyll metabolism, glycine,
serine and threonine metabolism, pyrimidine metabolism, primary bile
acid biosynthesis, purine metabolism, mercaptopurine action pathway,
thioguanine action pathway, azathioprine action pathway and mercap-
topurine metabolism pathway, were found to be significantly impacted
when comparing BC to normal tissue. Results from pathway impact
analysis are shown in Supplementary Tables S3 and S4. Glycine,

Table 2
Selected metabolites and their involvement in different pathways.

Compound
name

Pathway involved

Glycine Glyoxylate and dicarboxylate metabolism, aminoacyl-tRNA
biosynthesis, glutathione metabolism, porphyrin and chlorophyll
metabolism, glycine, serine and threonine metabolism, primary
bile acid biosynthesis, mercaptopurine action pathway,

thioguanine action pathway, azathioprine action pathway

Glutamine Glyoxylate and dicarboxylate metabolism, aminoacyl-tRNA
biosynthesis, D-glutamine and D-glutamate metabolism, nitrogen
metabolism, arginine biosynthesis, alanine, aspartate and
glutamate mercaptopurine action pathway metabolism,
pyrimidine metabolism, purine metabolism, thioguanine action
pathway, azathioprine action pathway, mercaptopurine
metabolism pathway

Hypotaurine Taurine and hypotaurine metabolism
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glutamine and hypotaurine were found to be involved in these metabolic
pathways (Table 2). These pathways are well known to be related to
cancer, e.g. taurine and hypotaurine metabolism have been shown to be
related to BC [59,60] and renal cell carcinoma [61], sulfur metabolism
has been shown to be related to breast cancer [62], and aminoacyl-tRNA
biosynthesis pathway has been shown to be related to prostate cancer
[63].

4.3. Diagnostic value of nanoparticles for MSI of cancer tissues

The diagnosis of most cancers is based on a molecular pathology that
is currently most often performed by immunohistochemical analysis
(IHC) or fluorescence in situ hybridization (FISH) which most often uses
macromolecules such as proteins or nucleic acids of varying lengths [64,
65]. These methods are complex, time-consuming, and require special-
ized and expensive antibodies or labeling. Surgical excision of the
bladder tumor is currently a method of choice for treating patients
suffering from BC, therefore it is important to quickly and precisely
define the neoplastic tissue border during surgery in order to completely
remove the tumor without damaging normal tissue. Numerous previous
studies have shown that metabolites enable a more precise determination
of pathology and may serve as potential diagnostic biomarkers in a va-
riety of malignancies [66]. The use of MSI allows not only to identify
potential tumor biomarkers but also to determine their location on the
surface of the examined tissue. Nowadays almost all of MSI is made with
the use of MALDI with many of its drawbacks including (i) abundant and
numerous chemical background peaks in the low-mass region (m/z < ~
1000) due to the presence of the applied matrix; (ii) the frequent need for
external mass calibration; (iii) low mass resolution and accuracy due to
the thickness of the tissue samples; (iv) low ionization efficiency for
many organic compounds present in the samples in their non-charged
states; (v) inhomogeneous matrix crystallization; and (vi) commonly
observed acid-catalyzed hydrolysis of various biomolecules, and thus it is
not suitable for metabolites. On the other hand, some nanoparticles such
as silver and gold-based lacks most of above mentioned MALDI draw-
backs and are one of the most interesting choices for studying of differ-
entiation between cancer and normal tissues.

5. Conclusion

In this study, LDI-MSI technique with the use of nanoparticle-
enhanced SALDI-type °°’AgNPET target was used for MSI of human
bladder tissue. Ion images produced for few dozens of compounds of
interest presented attention-grabbing differentiation of intensities. Uni-
variate and multivariate statistical analyses revealed 10 metabolites that
differentiated cancer from normal tissues. Among these metabolites,
glycine, 3-methylbutanal, ethylphosphate, glutamine, myosmine,
PI(22:0/0:0), aminopentanal, proline betaine and methylguanidine were
found in higher abundance in normal tissue samples and hypotaurine was
found at a higher level in cancer tissue samples. These compounds may
significantly increase diagnostic potential and serve as useful discrimi-
nators of cancerous versus normal tissues in patients diagnosed with BC.
Published results demonstrate that nanoparticle-based LDI-MSI must be
considered as a powerful tool for analysis of biological objects and
especially for biomarker discovery.
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