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Abstract

The main project of my master’s thesis involved the application of a dicationic salt for imaging in

reactive desorption electrospray ionization mass spectrometry (DESI-MS) on biological samples.

The samples interrogated in this experiment were whole body zebrafish tissues and rat brain tissue.

The stable dictation salt forms a stable bond with biological tissue fatty acids and lipids and allows

detection in positive ion mode. Tandem mass spectrometry (MS/MS) was used to characterize the

dication salt (DC9) and to identify linked lipid-dication compounds in rat brain and zebrafsh

tissues. The fragmentation energy of dication-lipid bound compounds indicate a stabilizing effect

of the dication which could be applied in other mass spectrometry methods. Reactive DESI-MS

imaging in positive ion mode of rat brain and zebrafish tissues allowed enhanced detection of

certain compounds commonly observed in negative ion mode. Variance in intensity between

negative and positive mode indicate that the ionization process could be affected by matrix effects

of various tissues, leading to different overall intensity which could provide new information on

the same compounds when compared between negative ion mode images and reactive DESI

positive ion mode images.

Another project involved a comparative study between DESI and easy ambient ionization (EASI)

mass spectrometry methods. The study compared the methods in terms of spatial resolution, limits

of detection, and overall imaging differences. Under similar conditions spray spatial resolution

dictated mainly by spray spot size was found to have little to no variance between both methods.

Limits of detection were one order of magnitude better for DESI for most compounds, but was

matched by EASI in some cases. In terms of imaging capabilities both methods have similar

chemical specificity and resolution, however DESI has a lower limit of detection.
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CHAPTER 1

1. INTRODUCTION

1.1 Mass spectrometry – Fundamentals and background

Mass spectrometry is a well-established science field with a long history. Fundamentally a mass

spectrometer is an instrument designed to measure the mass of a charged particle, it does so by

correlating the speed of the charged particle moving through a magnetic field to its mass. An

increase in charge on a particle results in a speed increase through the magnetic field therefore

measurements obtained on a mass spectrometer are reported as mass to charge values (m/z). [1]

The first mass spectrometer was created by J.J. Thomson in 1912 and was used to discover the

existence of the stable isotopes of Neon-20 and Neon-22. [2]. In order to detect the mass of a

compound it needs to have a charge whether negative or positive is not important as long as the

compound has a charge. The process of converting a neutral compound into charged particle, also

called an ion, is referred to as the ionization process and how well this process converts the

compounds to ions is referred as ionization efficiency. [1] While the analyzers have improved

exponentially over the last few decades, the ionization of compounds together with sample

preparation is the principal challenge for many mass spectrometry techniques.

Traditionally mass spectrometry instruments required the sample to be introduced in a low pressure

10-6 torr environment in order to be ionized. Electron ionization (EI) was the first ionization source

used on an organic compound in 1918. The sample is introduced into a low pressure chamber

where a heated filament emits electrons accelerated towards the sample. The energy used to

bombard the sample has with a broad maximum ionization efficiency around 70 electron volts

(eV), causing the sample to fragment into smaller ions. This method is still being used today since

it generates extensive and reproducible fragmentation useful in identification of compounds. [3]
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Chemical ionization (CI) was introduced in 1966 as an alternative to EI, where the sample is

collided with an ions of reagent gas, typically methane, in order to achieve less fragmentation. [4].

These early ionization techniques called “hard ionization” techniques resulted in numerous

fragments making the detection of the main ion of the compounds difficult and created complex

spectra which were often difficult to interpret. Over time innovation in instrumentation and

ionization processes led to the so called “soft ionization” techniques which are able to ionize the

compound with little to no fragmentation. [1].

1.2 Ambient Ionization Mass Spectrometry

While detection of compounds still require the sample to pass to the instrument detector at low

pressure, ionization techniques have been developed to ionize the sample outside the instrument

at standard atmospheric pressure before it is introduced in the mass spectrometer; this type of

ionization techniques are called ambient ionization techniques. Electrospray Ionization (ESI) is

one of the most common ionization techniques which is both a “soft ionization” technique and an

ambient ionization technique, it was first introduced by Masamichi Yamashita and John B. Fenn

in 1984[5]. ESI employs a charged solvent to ionize the sample allowing formation multiple

charged ions without fragmentation. [5] ESI paved the way for several new developments among

them Desorption Electrospray Ionization (DESI) and easy ambient sonic spray ionization (EASI).

These methods are both ambient ionization methods and are spray based ionization techniques.

1.3 Imaging Mass Spectrometry & Ambient Imaging Mass spectrometry

Imaging mass spectrometry (IMS) works by compiling spectra obtained at different spatial

coordinates, in order to generate an ion intensity distribution map of the sample. Several techniques

such as (DESI-MS), Matrix-assisted laser desorption/ionization (MALDI-MS), and secondary ion

mass spectrometry (SIMS) among many others, have used this procedure to create ion images over
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a broad spectrum of samples. [6-8] Imaging mass spectrometry can be used to identify analytes of

interest in localized regions, and taken together with ion spatial distribution and ion intensity map,

representing relative abundance, can provide vital new in-situ information. [9-12] Ambient

ionization IMS methods ionize the sample at atmospheric pressure, this allows for insertion of ions

into the analyzer and not the entire sample, [13] due to this procedure ambient IMS based

techniques require minimal or no sample preparation, and are generally fast analysis

techniques.[14] To give an example of how powerful imaging mass spectrometry techniques can

be, DESI-MS imaging has been implemented for cancer diagnostic in human prostate tissue[15]

DESI-MS has been used for imaging mass spectrometry since 2006, for discriminating forgeries,

and for analysis of a variety of biological tissue samples, such as, rat brain tissue, adrenal gland,

and bladder tissues for cancer diagnostic research, to name a few [6, 16-24]

1.4 DESI-MS

DESI-MS technique was introduced in 2004 by professor Graham Cooks and coworkers at Purdue

University. This technique is an ambient and soft ionization technique and unlike traditional ESI,

a charged solvent spray is nebulized via high gas pressure onto the sample adding a desorption

step to the process of analysis. DESI has been implemented in a wide range of fields such as

metabolomics [20], pharmaceuticals[20], forensics[16-18] and analysis of polymers [19].

1.4.1 DESI Ionization mechanisms

DESI works via a “droplet pickup mechanism”, where a charged solvent spray is nebulized, with

the assistance of a nebulizing gas, generating charged microdroplets. These charged droplets hit

the sample surface generating small area with a thin liquid film. Subsequent droplets impacting

the thin liquid interface desorb progeny droplets containing sample analytes. DESI ionization

follows one of two processes, for small molecules ionization occurs via charge transfer typically
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an electron or a proton charge transfer occurs in the gas phase; while high mass molecules tend to

have multiple charges transferred from the charged solvent droplet, the transfer of charge occurs

in liquid phase.[25] Gas phase ions are generated from the drying of the progeny droplets with

analytes, which then proceed towards the MS inlet to be analyzed by the mass spectrometer.[26]

1.4.2 DESI – setup parameters, factors and experimental considerations for imaging

A typical schematic is presented in Figure 1 along with a picture of the custom DESI source used

in the experiments for reference.The DESI ionization source assembly is composed of an inner

silica capillary through which the charged solvent passes, an outer silica capillary through which

Nitrogen gas passes. The gas nebulizes the solvent onto the sample and is typically set to 100 psi,

it can be used at a higher pressure however at very high pressures sample can be damaged by high

pressure resulting in poor ion images. The DESI spray assembly is mounted on a XYZ platform

which allows adjustments in distance and angle of the spray tip relative to the instrument inlet and

the sample surface, a XYZ motor on the sample platform allows for imaging experiments. A metal

clamp on the solvent syringe needle charges the solvent, typically applying 4-5 kV. Solvent flow

rate for DESI imaging is typically ranges between 1-5µL/min, higher flow rates result in sample

smearing and are avoided in imaging experiments. Solvent composition of MeOH/H2O mix is

generally preferred due to its ionization efficiency and rapid evaporation, often resulting in high

quality images however DESI is a versatile method and the solvent is often varied based on

experimental requirements. Sample surface is another important factor, a surface which allows

easy desorption and enhance ionization such as, porous polytetrafluoroethylene (PTFE). For

optimum DESI imaging analysis a hard and flat surface is required for efficient desorption and

signal stability. Many other surfaces have been used based on sample experimental needs such as

TLC plates, filter paper, microscopic glass slides, however nonconductive surfaces are preferred.
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Based on the distance and angle of the spray, the pressure and the solvent composition, sample

surface, spray spot size on the sample will vary and in turn it affects minimum distance required

in order to differentiate two neighboring spectra in space, often referred to as spatial resolution.

Typical lateral spatial resolution, which is the capability to clearly distinguish between two

adjacent spots on the surface, is typically 200 µm. However, the spatial resolution can be reduced

to 40 µm under  specific conditions [27]. Typical limits of detection (LOD) have been reported in

the range of picograms (pg) to femtograms (fg) making DESI-MS a sensitive method useful for

trace amount detection.[28, 29]
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Figure 1. Schematic of a typical DESI-MS setup at the top.[30] Bottom is a picture of custom lab

built DESI source used.
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1.4.3 Reactive DESI-MS

Reactive DESI-MS is a variant of the DESI-MS technique, in which a reactant is included in the

spray solvent. When the solution is sprayed on the sample surface it reacts with the sample analyte,

the resulting product is analyzed by the mass spectrometer. Reactive DESI-MS has been used

when working with samples that are hard to ionize, typically via simple adduct formation, such as

complexation of RDX with the anion CF3COO−, or TNT with the methoxide anion[28, 30]. Hao

Chen et al. introduced bond-forming reactions using reactive DESI. The experiment used

cyclization with benzeneboronate anions PhB(OH)3
− on biomolecules containing aliphatic diols

and aromatic diols, compounds which are not ionized efficiently via ESI and MALDI.[31]

Reactive DESI is a powerful tool due to its capabilities to be able to target molecules of interest or

compounds which are difficult to ionize, in order to detect and/or enhance ionization

efficiency.[24, 28, 32, 33]

1.5 EASI-MS

Easy ambient sonic spray ionization (EASI) technique was introduced in 2006 initially under the

name of desorption sonic spray ionization (DeSSI), [21] and it was later renamed from 2008

onwards as EASI[34]. This technique is similar in setup but it doesn’t apply voltage to the solvent

thus undergoing a different ionization mechanism claimed to be an even softer alternative to ESI.

EASI has been successfully applied to quality control and forensic analysis.[21, 35, 36] It has been

also applied to check for the purity of biodiesel, among other applications. [37, 38].

1.5.1 EASI ionization mechanism

EASI uses sonic spray ionization in order to generate ions. This mechanism involves generation

of unbalanced charged distribution in solvent droplets under high gas flow rate (>3.0L/min) and

high nebulizing gas backpressure, typically 400 psi. This results in a small percentage of droplets
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having either a negative or positive charge due to an uneven evaporation and distribution of

solvent. The intensity of the ions produced in the sonic spray is strongly depended on the

nebulizing gas velocity [39] The low amount of unbalanced solvent droplets required for efficient

ionization is compensated using an high solvent flow rate, typically 20 µL/min. [21] The EASI-

MS setup used is virtually identical to that of the DESI-MS setup, the difference being the absence

of a voltage applied to the solvent, and different pressure and solvent flow rate.

Chapter 2

2. Reactive DESI-MS imaging of biological tissues with dicationic ion-

pairing compounds

2.1 Introduction

This work illustrates application of a stable dicationic reactant in reactive desorption electrospray

ionization mode mass spectrometry (DESI-MS) on rat brain and zebrafish tissues.

The dicationic reactant used is an ionic salt. Ionic salts have been traditionally used in organic

synthesis and more recently in mass spectrometry to ionize difficult samples, target specific

compounds, and/or to generally enhance ionization efficiency. [40-44] Barrett’s group recently

published a work involving nine dicationic ion-pairing compounds using DESI-MS for enhanced

lipid detection, naming such compounds: DC1 to DC9. From the nine dicationic compounds tested

against lipid standards, most compounds were able to form stable ion-pairs with the tested

negatively charged lipid species. The dications have a similar structure of two rings of 5-6 atoms,
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linked by a hydrocarbon chain with varying length and a positive charge on each nitrogen atom on

the two rings. Of the compounds tested, DC2 and DC9 demonstrated signal enhancement and DC9

attained superior signal intensity over a broader range of compounds than DC2, therefore DC9 has

been chosen for the imaging experiments. [40] DC9 has the molecular formula [C6(C1Pyrr)2][Br]2

and is a stable dicationic salt able to bind to a negatively charged compound, a figure of the

structure of DC9 without the bromide counter ions can be seen in Figure 2.

Figure 2. DC9 dication compound structure with the formal name, depicted without the two

bromide counter ions.

DC9 has a mass of 254.4 Da consisting of two positive charges on the nitrogen atoms from which

it can be observed at m/z 127.2 by DESI-MS. The dication salt can bind to lipids, the net charge

of the complex becomes positive which permits imaging of compounds, more importantly, lipids

in positive ion mode.  Fatty acids and certain classes of lipids are detected in negative ion mode

however, DC9 is capable of creating an ion-pair changing the polarity of the compounds for DESI-

MS analysis. Analyses with DC9 in positive ion mode allows for higher signal to noise ratio and

increased sensitivity for selected lipids when compared to negative ion mode. These new

compounds are not fully understood and factors such as steric hindrance, structural flexibility and
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charge localization affect the binding of the ionic liquid to the targeted lipid for detection in

positive ion mode. [40]

This experiment uses dicationic compounds for imaging purposes for the first time in DES-IMS

and evaluates the performance of the dicationic compound DC9 in complex biological tissue

samples in positive ion mode by reactive DESI-MS. Enhancements of lipid signal intensity and/or

signal to noise levels due to a change in polarity can allow improved imaging of biological

samples. Imaging experiments were performed on whole body zebrafish and rat brain tissue slices.

Zebrafish was selected since it is an important biological model commonly used to study

genetics[45, 46], environmental toxicology[47-50], cancer[51, 52], and other diseases[53-55]. In

addition, rat brain is another important biological model generally used to study behavioural

patterns [56, 57], cancer[58, 59], and disease[60-64].

This study presents applications for imaging of lipids in positive ion mode from rat brain and

whole body zebrafish tissue with enhanced intensity and ionization efficiency using reactive DESI-

MS. DESI-MS has been employed in negative ion mode to discriminate normal from cancerous

tissue based on lipid profiles[65-67]; using this application can lead to new avenues into cancer

research and lipidomics studies on complex tissues.

2.2 Materials and Methods

2.2.1 Materials and biological samples

The HPLC grade methanol, tricainemesylate and carboxymethyl cellulose sodium (CMC) were

purchased from Sigma-Aldrich (Oakville, ON, CA).  Porous PTFE sheets 1.5 mm thick with a
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medium porous size of 7 µm was purchased from Berghof (Eningen, Germany). Microscope slides

26 mm x 77 mm thickness 1 mm single frosted were purchased from Bionuclear diagnostics Inc.

(Toronto, ON, Canada). Rat brains were purchased from Rockland Immunochemicals Inc.

(Gilbertsville, PA, USA). Zebrafish were donated by Dr. Chun Peng (York University, Toronto,

ON, CA). H&E staining kit was purchased from American Master Tech Scientific (Lodi, CA,

USA).

2.2.2 Dicationic compound synthesis and preparation

The compound DC9 investigated in this study was synthesized using previously reported literature.

[40, 68, 69] A stock solution of 1 mM was prepared by dissolving DC9 in methanol. A diluted 10

µM DC9 solution was prepared from DC9 stock solution and diluted into a 20 mL sterilized vial

with methanol.  All DESI-MS, imaging and tandem mass spectrometry (MS/MS) experiments with

DC9 were conducted with 10 µM DC9 methanol solution in the solvent spray. For the purpose of

this study dicationic compound DC9 was investigated against biological tissue samples.

2.2.3 Rat brain sample preparation and cryosectioning

Rat brain was stored in a -80°C freezer. The brain was sectioned into 20 µm size coronal cross

section slices on a Shandon cryotome FE and FSE (Thermo Fischer Scientific, Nepean, ON,

Canada). The sections were placed onto microscope glass slides and kept frozen in a -18°C freezer.

Prior to DESI-MS analysis, the rat brain tissue slices were defrosted and dried for 30 minutes at

room temperature. H&E staining was conducted on adjacent tissue sections after DESI-MS

analysis.
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2.2.4 Zebrafish tissue sample preparation and cryosectioning

Four zebrafish were euthanized in a container with tricainemesylate solution at 300 mg/L. The

deceased fish were placed into flexible moulds to provide support and prevent deformation while

cryosectioning. A 5% CMC solution was prepared with distilled water and poured into each mould

containing a whole body zebrafish. The moulds were immediately frozen at -18°C overnight before

sectioning. For cryosectioning, the plastic mould was removed and CMC frozen zebrafish blocks

were used to prepare 20-50 µm sagittal tissue sections. The fish slices were placed on glass

microscopic glass slides and kept in -18°C freezer until use. Prior to DESI-MS analysis, the

zebrafish slices were defrosted and dried for 30 minutes at room temperature. H&E was conducted

on adjacent tissue sections after DESI-MS analysis.

2.2.5 Tandem mass spectrometry (MS/MS) analysis

For the DC9 characterization, 2µL of a 10µM solution was spotted on a PTFE surface and sprayed

with pure methanol. For the characterization in reactive DESI-MS, a methanol solvent containing

10µM DC9 was sprayed directly onto the biological tissue samples. The MS/MS collision energy

was set to 90 (arbitrary units) for DC9 and 12 (arbitrary units) for the DC9-lipid compounds.

2.2.6 DESI-MS parameters for rat brain and zebrafish tissue

The nebulizing nitrogen gas back pressure was 120 psi, the solvent voltage was set at 5 kV, the

spray capillary to surface angle was 52°, the spray capillary to surface distance was ~0.5-2 mm,

spray capillary to inlet distance was 4-5mm. The solvent flow rate was set at 3 µL/min and solvent

composition was pure MeOH for negative ion and positive ion modes control, and MeOH spiked

to 10 µM DC9 for reactive DESI-MS positive ion mode.  The injection time was set at 30 ms and

40 ms for rat brain and zebrafish respectively. Imaging spatial resolution was set at 150µm for

both rat brain and zebrafish. The mass range for negative ion mode scanned in the range of m/z
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200-800, and for positive ion mode control and reactive DESI-MS positive ion mode in the range

of m/z 454-1254.  The data was acquired on a Thermo Finnigan LTQ using XcaliburTM and was

processed using Biomap (freeware, www.msi.maldi.org) to generate ion images of signal intensity

versus spatial coordinates.

2.3 Results and Discussion

The dication, DC9, is a new compound without previous fragmentation data available in the

literature. The first step was to obtain tandem mass spectrometry data by fragmenting the DC9

compound. This was achieved by spotting 2uL of 10 µM of DC9 onto a PTFE surface and spraying

with a pure methanol solvent solution. A concentration of 10 µM was chosen because is the same

concentration as in the experiments performed by Barret et al. with lipid standards. PTFE was

chosen due to its chemically inert surface to ensure the sample did not react with the surface. In

the full spectrum the predominant peak was observed at m/z 127.2, this corresponds to the doubly

charged DC9 compound. The double charge of the molecule is confirmed by observing the natural

isotope at m/z 127.70 which is calculated at 17.7% of the main peak and is observed about 18%

on the tested compound spectra. (Figure 3 inset) A slight mass shift of 0.1 m/z is observed in

(Figure 3) when looking at the full scan and it was taken into account for all experiments.
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Figure 3. Tandem mass spectrometry (MS/MS) analysis of dicationic compound DC9 observed

at m/z 127. Inset is a zoom scan (a feature of Thermo Finnigan instrument, a scan with a higher

resolution and longer acquisition time) which shows the natural abundance isotope of the doubly

charged species.

The ion at 127 was selected for fragmentation, resulting in fragmentation only when subjected to

high collision energy, fragmentation started to occur above (70 arbitrary units) and required ~90

arbitrary units to obtain the spectra in Figure 3. Four main fragments have been observed. An alpha

cleavage of the nitrogen ring results in a fragment at m/z 85 corresponding to an N-methyl

pyrrolidine radical cation.

The complementary radical cation at m/z 169 is not observed, however an ion at m/z 168 is

observed, most likely a result of the m/z 169 radical losing a hydrogen to create a stable terminal

double bond.  A fragment at m/z 84 is also observed which is likely due to the m/z 85 methyl

heterocyclic ring cation undergoing rearrangement to create a double bond. A complementary
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cation to m/z 84 is also observed at m/z 170, most likely a result of the m/z 169 radical cation

gaining a hydrogen on the terminal chain to stabilize the radical charge.

2.3.1 Rat brain DESI-MS analysis

Rat brain is an important biological model that has been used to study behavioural patterns [56,

57], cancer[58, 59], and disease[60-64]. Different solvent systems were investigated briefly in a

previous study[40]. It was found that a mix of pure methanol gave a superior signal than

methanol/chloroform. All experiments involving DESI-MS in negative and positive ion mode

controls were performed under optimum solvent conditions of pure methanol. The rat brain tissue

was submitted to three analyses for compound identification and comparison: DESI-MS in positive

ion mode control, DESI-MS in negative ion mode, and reactive DESI-MS with DC9 in positive

ion mode. Imaging was performed with reactive DESI positive ion mode and negative ion mode

to obtain in situ information on the compounds identified.

In the positive ion mode control (Figure 5a) a cluster of phosphatidylcholines between m/z 700-

900 was observed. MS/MS analysis was conducted on the peaks in the cluster and several of the

highest intensity compounds: m/z 782, 798 and 848 were identified as phosphatidylcholines.

Phosphatidylcholines have a main fragment neutral loss of 59 Da associated with trimethylamine

and a neutral loss of 183 Da corresponding to the choline head group which was observed in the

peaks between m/z 700-900 (Figure 4). [70-72] The cluster of phosphatidylcholines is observed

also in the reactive DESI-MS experiments on rat brain tissue (Figure 5c).
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Figure 4. Tandem mass spectrometry MS/MS spectra of selected phosphatidylcholines in the full

scan DESI-MS spectrum of rat brain in positive mode with common losses of 59 Da and 183 Da

corresponding to trimethylamine and the choline head group, respectively. (a) MS/MS spectrum

of potassiated phosphatidylcholine, PC (16:0/18:1) at m/z 782 (b) MS/MS spectrum of potassiated

phosphatidylcholine, PC(16:0/18:1) at m/z 798 (c) MS/MS spectrum of potassiated

phosphatidylcholine, PC (18:0/20:4) at m/z 848.
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A negative ion mode scan was done in order to identify possible candidates for complexation with

the DC9 dication. Analysis of fatty acids and phospholipids in negative ion mode on rat brain

tissue has been previously studied, therefore these compounds were assigned according to

literature.[73-76] In the negative ion mode, two distinct cluster of ions were present in the rat brain

tissue (Figure 5b). In the first cluster of ions, between m/z range of 250-350, palmitoleic acid (16:1)

at m/z 253, palmitic acid (16:0) at m/z 255, oleic acid (18:1) at m/z 281 and arachidonic acid (20:4)

at m/z 303 were identified (Table 1). While the second cluster was observed between m/z range of

700-900 consisting of phosphoethanolamine (PE 36:1) at m/z 700 (not labelled on Figure 5),

phosphoethanolamine (PE 36:2) at m/z 726, phosphoethanolamine (PE 38:4) at m/z 766 (not

shown), phosphoethanolamine (PE 40:6) at m/z 774 and phosphoethanolamine (PE 40:6) at m/z

790 (Figure 5b and Table 1).

Small molecules that bind to DC9 would give peaks between m/z 254 – 350, and would give rise

to strong peaks that supress ionization. DC9 has a permanent charge and a very strong signal

intensity. The mass range around 254 displays a very strong peak supressing the signal and leading

to broad peaks and unstable signals, therefore it is necessary to choose a mass range above this

peak to acquire quality data with DC9, due to these constrains the mass range for reactive DESI-

MS was selected to start at m/z 454 to align the negative and positive ions and allow for easy visual

comparison. Figure 5 has a DC9 mass shift range of + m/z 254 for the positive ion mode in order

to align the ions bound to DC9 with the observed negative ions.
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Figure 5. Representative DESI-MS mass spectra of lipids in rat brain (a) phosphatidylcholines

present in rat brain in the positive ion mode control (b) lipids in rat brain in negative ion mode

control (c) Reactive DESI-MS spectrum of enhanced intensity DC9-lipid ion pairs in rat brain in

positive ion mode

Analysis of the reactive DESI scan was compared to the positive control and the negative control

scans in order to assign which lipid ions were present in the reactive DESI spectra as DC9-lipid

ion pairs. Several fatty acids and lipids present in DESI-MS negative ion mode are observed in the
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positive DC9 spectra. In positive ion mode reactive DESI-MS with compound DC9, three distinct

clusters of ions can be observed (Figure 5c). The first cluster of ions between the range of m/z 500-

600 are the lipid bound to DC9 complex corresponding to the first cluster in negative ion mode.

DC9-palmitoleic acid (16:1) at m/z 507 was enhanced compared to the negative ion mode spectra

while other fatty acids in that range maintained their previous profile. The second cluster observed

between m/z 700-900 belonged to the phosphatidylcholines species also found in the positive

control with a similar relative abundance to the positive ion mode control. The last cluster of ions

between m/z 950-1050 correlates to the second cluster observed in the negative ion mode. Several

lipids had enhanced signal to noise and an overall increase in signal for instance PE (34:1) m/z 700

cannot be reasonably detected in negative ion mode since it is in the noise level and PE (36:2) m/z

726 has very low intensity in negative ion mode. In reactive DESI-MS positive ion mode PE (34:1)

and PE (36:2) can be observed in positive ion mode as their mass plus the DC9 mass at m/z 955

and m/z 980, the relative intensity increased and became easily distinguishable from noise level

(Figure 5c). Other groups however, do not bind very well with the DC9 dication,

phosphatidylserine (PS 40:6) being the most intense peak in negative mode at m/z 834 and

phosphotidylinositol (PI 38:4) at m/z 885 are not observed as the dication-pair in the reactive DESI

spectra. These results are in accordance with the previous study that found PE groups to have

enhanced signal intensity and the other higher mass compounds such as PI to have a poor binding

to DC9.[40]

Table 1 summarizes the effect of reactive DESI-MS on specific fatty acids or lipids compared to

the negative ion mode results. Signal intensity does not necessarily correlate with a better

detection, in our case DC9 compounds detected in negative mode were seen to have higher
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intensity but also higher noise levels, thus to determine how DC9 compound affects detection, the

signal to noise ratio was used as an indicator. The signal to noise ratio was incorporated in order

to have normalized data and compare between the reactive DESI positive ion mode scan and the

negative ion mode scan. The change was reported as a percentage in the signal to noise ratio of

each compound analyzed. Three average spectra taken across the entire rat brain samples were

compared between positive ion mode scans with DC9 and negative ion mode scans. The three

spectra chosen targeted gray and white matter and were obtained from the widest section of the

brain. Table 1 reports whether the signal to noise levels of each compound increased or decreased

compared to their native detection in negative ion mode. These values are provided in order to help

understand the signal change using DC9; however variations between and within samples based

not only on the chemical nature of this reaction but also by the small variation of the spray

geometry features of DESI can occur.
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Table 1. Lipids and dicationic compound DC9 forming ion-pairs in DESI-MS spectrum in positive

ion mode of rat brain (DC9 m.w. 254.4 Da)

Rat brain lipids in negative ion

mode

Observed

m/z negative

ion mode

DC9-lipid ion pair

in rat brain in

positive ion mode

Signal to Noise

change (DC9 vs

negative ion mode)

Palmitoleic acid (16:1) 253[73, 76] 507 512%

Palmitic acid (16:0) 255[73, 75, 76] 509 26%

Oleic acid (18:1) 281[73-76] 535 37%

Arachidonic acid (20:4) 303[73-76] 557 37%

Phosphoethanolamine (PE 34:1) 700[77] 955 127%

Phosphoethanolamine (PE 36:2) 726[77] 980 107%

Phosphoethanolamine (PE 38:4) 766[77] 1020 153%

Phosphoethanolamine (PE 40:6) 774[77] 1028 124%

Phosphoethanolamine (PE 40:6) 790[77] 1044 119%

Phosphatidylserine (PS 40:6) 834[73-75] 1088 Not Detected

Phosphotidylinositol (PI 38:4) 885[73-76] 1139 Not Detected

Using tandem mass spectrometry, several compounds were identified to be linked with DC9: m/z

507, 535, 557, 980, 1020, 1028 and 1044 consisting of DC9-lipid ion pairs. The compounds were

subjected to MS/MS and a common loss of 85 Da was observed for all ions mentioned above upon

fragmentation of the DC9-lipid ion pairs. The loss of 85 Da corresponds to the alpha cleavage of

DC9 nitrogen ring Figure 2. A DC9 fragment was observed at m/z 85 which is a common loss for

all lipids bound to DC9 (Figure 6). No other fragments were observed from the lipd-DC9 complex,
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this indicates that the dication creates a stable compound with lipids which cannot be easily

removed.

Figure 6. Tandem mass spectrometry (MS/MS) spectra of selected DC9-lipid ion pairs in the

reactive full scan DESI-MS rat brain spectrum in positive mode producing a common loss of 85

Da corresponding to high intensity DC9 fragment. (a) MS/MS spectrum of m/z 535 ion-pair
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between DC9 and oleic acid (18:1) (b) MS/MS spectrum of m/z 557 ion-pair between DC9 and

arachidonic acid (20:4) (c) MS/MS spectrum of m/z 980 ion-pair between DC9 and PE (36:2).

The collision energy used to obtain the fragmentation data was set to 12 (arbitrary units), from this

we can infer that DC9 becomes easier to fragment when bound rather than dissociate from the lipid

adduct, but also that it can have the effect of reducing or preventing in source fragmentation. This

stabilizing effect could be a factor in the overall increase of signal by reducing in source

fragmentation. This opens the possibility that DC9 could be used for other techniques to increase

signal intensity and stabilize lipids. For example, matrix assisted laser desorption ionization

(MALDI) technique has been used to map rat brain lipids[78-81] and DC9 could be incorporated

in the matrix application step to stabilize certain labile lipids, such as gangliosides, a family of

glycosphingolipids, prone to lose sialic acid group upon MALDI analysis[82, 83].

Imaging on rat brain tissues were performed in negative ion mode and positive ion mode from

adjacent tissue slices in order to compare and contrast the differences between ion intensity

distribution and insitu signal intensity variation. Selected ions in Figure 7 illustrate the imaging of

lipids using reactive DESI-MS in positive ion mode and a few lipids in negative ion mode to

compare. In reactive DESI-MS lipids are present in high abundance in the gray matter, such as PE

(36:2) at m/z 980, whereas other lipids are abundant in the white matter of the brain, such as at PE

(40:6) at m/z 1044, when the two ions are overlapped a clear image of the structural features in

white matter and gray matter can easily be distinguished (Figure 7j). Negative ion mode images of

Arachidonic acid (20:4) at m/z 303 and Phosphoethanolamine (PE 36:2) at m/z 726 were added to

Figure 7k and 7l for comparison.
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Figure 7. Panel of rat brain images analyzed by reactive DESI-MSI with compound DC9 in

positive ion mode. a) Optical image of rat brain tissue slide with an outline of the tissue slice b)

H&E stained rat brain tissue slide (c-i) DESI-MS images of lipids with DC9 ion-pairs in the

positive ion mode c) m/z 507: DC9 and palmitoleic acid (16:1). d) m/z 535: DC9 and oleic acid

(18:1). e) m/z 557: DC9 and arachidonic acid. f) m/z 980: DC9 and PE (36:2). g) m/z 1020: DC9

and PE (38:4). h) m/z 1028: DC9 and PE (40:6). (i) m/z 1044: DC9 and PE (40:6). (j) Overlay

image of m/z 980 and m/z 1044. (k & l) DESI-MS images of lipids in the negative ion mode k)

Arachidonic acid (20:4) at m/z 303 l) Phosphoethanolamine (PE 36:2) at m/z 726

With reactive DESI-MS one can visualize the same distribution of the same compounds, such as

phosphoethanolamine (PE 36:2) which has a strong intensity,  while in negative mode the signal

intensity is low resulting in a poor quality image. The signal intensity difference could be attributed
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to the ionization efficiency difference, to matrix effects from the tissue, leading to different

ionization pattern when comparing the negative ion mode ionization to the reactive DESI

ionization. DC9 forms a stable complex and could have a stabilizing effect on certain compounds

thus leading to a more intense signal by reducing or eliminating in source fragmentation. It is

difficult to definitively determine the process which gives rise to this variation, and further research

on reactivity needs to be performed. Figure 7d exhibits a border effect which was later identified

to be a result of the mounting glue polymer used in the tissue sectioning.

This technique can be used in order to enhance phosphoethanolamines signal and at the same time

allow both the negative compounds and the positive phosphatidylcholines groups to be scanned in

a single spectrum with reactive DESI in positive ion mode. The trade-off is that some compounds

such as phosphatidylserines and phosphotidylinositols are not detected, but this only confirms that

the information provided by this technique is not redundant information from negative mode but

new and complementary chemical information.

2.3.2 Zebrafish DESI-MS analysis

Zebrafish is an important biological model commonly used to study genetics[45, 46],

environmental toxicology[47-50], cancer[51, 52], and other diseases[53-55]. The specimen is also

very small 2-4 cm in length, due to its small size the zebrafish allows imaging mass spectrometry

experiments to be performed simultaneously on all tissue types. Spectra of zebrafish whole body

were acquired in negative ion mode, in positive ion mode control and reactive DESI-MS with DC9
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positive ion mode for comparison and analysis. Imaging was done with reactive DESI positive ion

mode and negative ion mode to analyse in situ information of compounds of interest.

Similarly to the rat brain, the positive ion mode control of the zebrafish in the range of m/z 700-

900 has a cluster of phosphatidylcholines (Figure 8a). These lipids were also confirmed via tandem

mass spectrometry as described in the rat brain section. [70, 71]

Figure 8 has an m/z shift of 254 for the positive mode in order to align the negative ions with the

positive DC9 ions.

Figure 8. DESI-MS spectra of characteristic metabolites in whole body zebrafish tissue sections

(a) Phosphatidylcholines in zebrafish in DESI-MS positive ion mode control (b) Control DESI-
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MS spectrum of zebrafish tissue in negative ion mode (c) Positive reactive DESI-MS spectrum of

enhanced intensity between DC9-metabolite ion pairs in zebrafish compared to DESI-MS

spectrum negative ion mode control.

Compounds in negative ion mode have been identified and characterized in literature and were

assigned accordingly. In the range between m/z 250-350 contains ions such as palmitic acid (16:0),

linoleic acid (18:2), oleic acid (18:1), and others (Figure 8b & Table 2). 5α-cyprinol 27-sulfate, a

bile salt produced in the stomach and/or intestinal system was detected at m/z 531.[84] Two

phosphatidylserines (PS 36:1 and PS 40:6) identified at m/z 788 and 834, a phosphatidylinositol

(PE 38:4) at m/z 885, and a sulfatide (ST 24:0) at m/z 890 were also observed.[84]

In reactive DESI-MS, (Figure 8c), lipid-DC9 bound compounds detected in the range of m/z 500-

600 were correlated to the negative ion mode compounds in the range of m/z 250-350 via tandem

mass spectrometry. The lipid-dication compounds had a common loss of 85 Da correspond to DC9

cleavage at the nitrogen ring, as in the rat brain experiment. The bile salt 5α-cyprinol 27-sulfate

was also observed as a DC9 bound ion in the reactive DESI-MS ion mode in the stomach and

intestines region. The signal intensity of the 5α-cyprinol 27-sulfate salt ion is reduced compared

to the other lipid-dication bound compounds, but it demonstrates that dications can be

implemented for a variety of organic compounds. Lipid compounds including phosphatidylserines

(PS), phosphatidylinositols (PI), and phosphatidylglycerols (PG) have a low binding affinity to

DC9 and were not detected in our reactive DESI-MS experiments. These results are in accordance

with Barrett’s group study conducted with lipid standards where enhancement of these types of

lipids in the reactive DESI-MS spectrum was not observed.[40]



28

Higher mass compounds in the reactive DESI-MS in the range of m/z 900 and above were not

possible to identify via tandem mass spectrometry due to overlapping signals of multiple ions

and/or low signal intensity. Several broad peaks observed in the range of m/z 950-1050 could not

be identified. Fragmentation was only possible when isolation window was open to m/z 10.

Fragmentation energy required was 7 (arbitrary units), and the fragments obtained are provided in

the Table 2.

Table 2. Zebra fish MS/MS using dicationic compound DC9 on unidentified broad peaks in the

range m/z 900-1100. Parent ions selected with an isolation window width m/z 10. Center of peaks

reported with the width of the peaks as an m/z ± value.

Parent Ion

Center peak m/z (Iso window ± 5) 1020 1008 996 983 970

Daughter Fragments

Fragment 1 (m/z ±5) 603 592 579 580 580

Fragment 2 (m/z ±5) 592 579 568 568 568

Fragment 3 (m/z ±5) 579 567 555 555 555

Fragment 4 (m/z ±5) 567 555 542 542 542

Fragment 5 (m/z ±5) 555 543 529 529 529

Neutral Losses

Neutral Loss 1 (m/z ±5) 417 416 417 403 390

Neutral Loss 2 (m/z ±5) 428 429 428 415 402

Neutral Loss 3 (m/z ±5) 441 441 441 428 415

Neutral Loss 4 (m/z ±5) 453 453 454 441 428

Neutral Loss 5 (m/z ±5) 465 465 467 454 441



29

The fragments obtained are very broad indicating a cluster of ions is being formed with DC9. This

pattern of ions is only observed with DC9. Signal intensity was too low to perform MS3 analysis,

and although positive identification was not possible at the moment, some of these ions were

mapped and images are provided in Figure 9.

Figure 9. Panel of zebra fish images analyzed by reactive DESI-MSI with compound DC9 in

positive ion of unidentified peaks, m/z 983, 996, 1008, and 1020 respectively.

Fragmentation of these species had overlapping ion daughters, but very broad to be useful for

identification, imaging experiments revealed that these ions seem to have the same distribution,

indicating that they belong to the same class of compounds. However, from the previous findings

we could speculate that these peaks could correspond to phosphoethanolamine groups with DC9

or could be 3 or molecules bound loosely together due to a lower fragmentation energy required.

If the molecules belong to phosphoethanolamine groups they might correspond within the range

of the mass m/z 970 are PE (34:2) at and PE (34:1) at m/z 714 and m/z 716 in negative ion mode.
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The mass range at m/z 983 might correspond to PE (36:2) at m/z 728 in negative ion mode. The

mass range at m/z 996 might correspond to PE (36:3) at m/z 740. Mass range at m/z 1008 could

correspond to PE (38:4) at m/z 740 in negative ion mode.[85] The ions are present throughout the

body with the exception of the organs; this can be a useful starting point for further experiments.

Table 3. Zebrafish metabolites and dicationic compound DC9 ion-pairs in DESI-MS spectrum in

positive ion mode (DC9 m.w. 254.4 Da)

Zebrafish metabolites in

negative ion mode

Observed

m/z negative

ion mode[84]

DC9-metabolite

ion pair in positive

ion mode

Signal to Noise

change (DC9 vs

Negative ion mode)

Myristic acid 227 481 64%

Palmitic acid (16:0) 255 509 79%

Linoleic acid (18:2) 279 533 101%

Oleic acid (18:1) 281 535 88%

Stearic acid (18:0) 283 537 115%

Eicosapentaenoic acid (20:5) 301 555 354%

Docosahexaenoic acid (22:6) 327 581 118%

5α-cyprinol 27-sulfate 531 785 7%

Phosphatidylserine (PS 36:1) 788 1042 Not Detected

Phosphatidylserine (PS 40:6) 834 1088 Not Detected

Phosphatidylinositol (PI 38:4) 885 1139 Not Detected

Sulfatide (ST 24:0) 890 1144 Not Detected
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The signal to noise was used as an indicator of the DC9 effect on detection as in the rat brain

experiment. Three average spectra were taken across the entire zebrafish samples and were

compared between reactive DESI positive ion mode scans and negative ion mode scans. These

spectra were acquired from the eye to the tail of the zebrafish. Table 3 reports whether the signal

to noise levels of each compound increased or decreased compared to their native detection in

negative ion mode. These values are provided in order to help the understanding of the signal

change using DC9. As previously mentioned there is great variation, especially when trying to

encompass an entire specimen’s body where the various organs will have different composition

and may either suppress or enhance the reaction of the DC9 to varying extents.

Selected zebrafish ion images in Figure 10 illustrate the mapping of lipids using reactive DESI-

MS in positive ion mode. Compound distribution varies greatly within the whole body, for

example a ion can be observed throughout the entire body such as oleic acid (18:1) (Figure 10e),

or with a high abundance in certain organs, such as docosahexaenoic acid (22:6) (Figure 10f) in

the eye or spleen, and 5α-cyprinol 27-sulfate found in the digestive system (stomach and/or

intestines) (Figure 10g) Structural features can easily be elucidated whenever using the reactive

ion mode with DC9. An overlap between palmitic acid (16:0) concentrated in the fish liver and

docosahexaenoic acid (22:6) concentrated in the eye and spleen is shown as an example of how

reactive DESI-MS imaging can be used for biological structural differentiation. Negative ion mode

images are included in the panel of Figure 10 (i-l) for comparison of corresponding reactive DESI-

MS selected ions. When comparing the same ions ionized in reactive DESI-MS over the control

negative mode, different signal intensity distribution between the two modes can be observed due

to different tissue composition which react differently with the dicationic salt in reactive DESI-

MS mode. This may result to be very advantageous since reactive DESI can provide different
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imaging than the negative mode, thus offering new information and not redundant information.

This phenomenon is observed strongly in the whole zebrafish body images than in the rat brain

images. The tissue slices are serial slices, hence this phenomenon is indicative that DC9 coupling

reaction could be suppressed to a varying degree in different organs. The dication is not binding

to a specific compound but rather multiple anions available in tissue, binding competition and

binding affinity becomes a factor of the intensity and overall distribution of the tissue image. This

variation of how DC9 reacts across different tissue types can be an advantage since the information

provided by these ion images is not redundant information from negative ion mode and can

therefore be used to provide missing or complementary information.  An example of this case is

docosahexanoic acid (22:6) where it is observed in negative mode in organs such as, gills, liver,

intestinal system, (Figure 10k) but in reactive DESI-MS it is localized mostly in the liver and bile

(Figure 10f). This result does not necessarily mean that it is in a higher abundance in that particular

area, but rather that the dication has less competition in this tissue and is able to bind more

effectively with docosahexanoic acid (22:6). It is difficult to definitively attribute this effect to

matrix suppression or facilitated reactivity from compounds in organs. This is a new compound

and its general reactivity is not fully understood yet. Future reactivity work will help to better

understand this phenomenon.
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Figure 10. Panel of zebrafish images analyzed by reactive DESI-MSI with compound DC9 in

positive ion mode (c-h) and negative ion mode (i-l) (a) Optical image of zebrafish tissue on a

microscopic glass slide (b) H&E stained zebrafish tissue on a microscopic glass slide (c-h) DESI-

MS metabolite images with DC9 ion-pairs in the positive ion mode c) m/z 509: DC9- Palmitic acid

(16:0) d) m/z 533: DC9- Linoleic acid (18:2) e) m/z 535: DC9- Oleic acid (18:1) f) m/z 581: DC9-

Docosahexaenoic acid (22:6) g) m/z 785: DC9-5α-cyprinol 27 sulfate h) Overlay image of ion

pairs m/z 509 and m/z 581, DESI-MS metabolite images in the negative ion mode (i-l) (i) Linoleic

acid (18:2) at m/z 279 (j) Oleic acid at m/z 281 (k) Docosahexanoic acid (22:6) at m/z 327 (l) a-

cyprinol 27-sulfate at m/z 531 g)
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2.4 Conclusion

Reactive DESI-MS with compound DC9 in positive ion mode was successful in increasing the

intensity of certain low mass lipids in the range of m/z 250-350 and of phosphoethanolamines (PE)

m/z 700-800 in  rat brain and zebrafish biological tissues. Reactive DESI-MS ion images appeared

to have a slight difference in distribution which could be attributed to a tissue matrix effect,

competing or supressing the dication. DC9-lipid ion pairs have shown an increase in intensity in

comparison to the conventional DESI-MS analysis of lipids in negative ion mode. This method

allows the mapping of ions present in positive ion mode and negative ion mode in one single

spectrum, decreasing imaging time and the amount of sample required to run an analysis, this can

be very powerful when there is limited sample, for example biopsy samples. Positive ion mode

images using reactive DESI are different than the negative ion mode for the same compound using

DESI, this opens the possibility of providing new information about the sample rather than

redundant information when looking at a complex sample.

Morphological elucidation and the ability to select areas of organs via Biomap, to average all the

spectra in the region and compare tissue specific spectra to different sections of the body can be a

very powerful tool when combined with reactive DESI-MS. This can prove advantageous when

looking for tissue damage, toxin accumulation or metabolic processes by using a targeted approach

with new dicationic compounds.

Since DESI-MS has been successfully employed in negative ion mode to discriminate normal

from cancerous tissue based on lipid profiles.[65, 66] Reactive DESI-MS using dicationic

compounds can open new avenues into cancer research, drug development, investigate

metabolism, disease and generally a more targeted ionization technique.
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Chapter 3

3. Desorption electrospray ionization (DESI) and easy ambient sonic-

spray ionization (EASI) comparison for imaging mass spectrometry

purposes.

3.1 Introduction

DESI and EASI techniques are very similar in setup with only a few parameters varying.

For imaging experiments it is important to take into account not only the ability to ionize a sample,

but also the impact of the technique (spatial effects) on the sample interrogated. EASI is not fully

compatible with IMS because it requires high gas flow rates (>3.0L/min) and high solvent flow

rates (>20µL/min) in order to promote the ionization. These conditions cannot be applied to all

kinds of sample, especially biological tissues, because they damage the sample before it can be

entirely mapped. Experiments can be done under specific conditions using low gas flow rates

(<3.0L/min) and low solvent flow rates (<10µL/min) as reported here. However, these conditions

eliminate the “sonic spray” effect responsible for the high ionization efficiency. Indeed, the

ionization under these conditions were investigated and reported as non-optimal DESI in 2005.[25]

In 2012, Janfelt and Nørgaard published a comparative study between DESI and EASI in terms of

spatial resolution and sensitivity by producing ion images of tissue sections[86].  In this study a

pixel to pixel comparison was performed as it can distinguish between signal and noise. It was

concluded that EASI can be as efficient as DESI for imaging and direct analysis of tissue sections

as long as a higher solvent flow rate (10 µL/min) is maintained. Improved EASI signals were
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observed as long as the pressure was kept at 10 bar which equal around 145 psi. When the pressure

was above 10 bar, no further improvements in EASI signals was observed. It was found that DESI

is more sensitive than EASI towards analytes that are present at low abundance for both rat brain

and plant imprints deriving the fact that there must be a difference in dynamic range for both DESI

and EASI.

This study expands on that work by comparing DESI and EASI techniques at nonstandard

equivalent conditions for the assessment of the limit of detection (LOD) of several drugs on PTFE

surface and for the determination of the spray spot size varying flow rate and solvent composition

for imaging purposes. MS/MS imaging was also done with both methods as a proof of concept for

imaging discrimination comparison. The experiments reported here were not under the standard

conditions for either DESI[25] or EASI[21] [36], but rather similar conditions that could overlap

both techniques to get comparative results. The techniques were compared in terms of the

sensitivity (limits of detection), spray spot size and lateral spatial resolution in order to gauge the

capabilities in terms of imaging performance.

The first experiment was used to interrogate spray spot size, directly linked to the minimum spatial

resolution requirements. For spray based techniques spot size is is the main factor which restricts

the resolution of the chemical image. Using water sensitive paper the spray area was analyzed for

both DESI and EASI. The next step was to investigate limit of detection using various drugs on

PTFE, to compare DESI and EASI ionization and transfer efficiency. As a proof of concept

MS/MS imaging was done with both methods to observe how they would perform in a forensic

discrimination application. The results obtained from these experiments give further insight into

the capabilities of DESI and EASI, and to interrogate these techniques for IMS purposes.
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3.2 Materials and methods:

3.2.1 Materials and reagents:

Solvents used in the experiments were purchased from Sigma-Aldrich Canada, solvent grade

HPLC. Compounds used in the limit of detection experiment: propranolol, testosterone,

dobutamine, verapamil, chloramphenicol, ibuprofen, diazepam, roxithromycin, angiotensin ii,

were obtained from Sigma-Aldrich Canada, Ltd. Porous PTFE sheets 1.5 mm thick with a medium

porous size of 7µm purchased from Berghof (Eningen, Germany). Microscope slides 26x77mm

thickness 1mm single frosted were purchased from Bionuclear diagnostics INC, (Toronto, ON,

Canada). Water sensitive paper, a paper that changes its color when exposed to water, was from

TeeJet Technologies (Harrisburg, Dillsburg, PA). Red pens containing Rhodamine B and

Rhodamine 6G, BIC Company, used in MS/MS experiment were purchased from the bookstore at

York University.

3.2.2 Sample preparation

Water Sensitive paper: Water sensitive paper was cut to working size and was secured on the

moving stage with tape on the all sides.

Limit of Detection: Standards of 1 mg/mL were prepared in methanol solvent. The spotting

solutions were created from 1 mg/mL standard using serial dilution to 100, 10, 1, 0.1, and 0.01

ng/µL prepared in a 1:1 ratio of methanol to water solution. Solvent used to spray was also

prepared with methanol to water ratio of 1 to 1.

MS/MS imaging: Two different red pens were used to create an attempted forgery on a piece of

paper. The paper was secured to the running stage with tape and an MS imaging performed.
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3.2.3 Instrumentation

All experiments were carried using an LTQ linear ion trap mass spectrometer (Thermo Fisher

Scientific, San Jose, CA, USA) with a lab-built DESI ion source.

3.2.4 Water Sensitive paper:

Experiments were performed with varied solvent flow rates from 0.5 µL/min to 4.0 µL/min.

Methanol to water ratios of 1:1 and 9:1 were used. Varying the nitrogen (N2) gas backpressure

from a pressure of 80 psi to 140 psi was measured while keeping the flow rate at 2.0 µL/min and

1:1, methanol: water, solvent ratio. The geometry conditions were set as: spray angle 52 degrees,

capillary to inlet distance ~ 3 mm and capillary to surface ~ 2 mm. DESI conditions used 5kV

spray charge, while EASI used 0kV, all other parameters were kept the same. In order to ensure

the absence of residual charge in the syringe when turning off the voltage from DESI to EASI, a

ground wire was connected to the syringe metal tip during EASI experiments. The moving stage

was programmed to make five distinct spots; the distance between each spot was 1 mm and the

spray held position on each spot for 1 second before moving to the next. This was followed by

making a line of 10 mm long with continuous spray over slow movement with speed of 200 µm

per second. Each line ended with a final spot sprayed for 10 seconds before moving on to the next

line. After the experiment the resulting papers were scanned for visual inspection.

3.2.5 Limit of Detection (LOD):

Shallow parallel indentation lines were drawn on the porous material using a spare inlet. Volumes

of one microliter were pipetted on the line in increasing concentrations from 0.01, 0.1, 1.0, 10 and

100 ng/µL respectively, delivering the same weight of compound per spot for each of the
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compounds. The spots were left to dry about 20 minutes and analysis was performed by scanning

across the line with a speed of 200 micrometers per second. Distance optimized under EASI

conditions with capillary angle at 52 degrees, capillary to inlet distance set at ~ 3 mm and capillary

to surface set at ~ 2 mm. A solvent flow rate of 1.5 µL/min of MeOH:H2O mixture (1:1, v/v) and

nebulizing gas (N2) pressure of 140 psi were used. The limits of detection were established by

doing MS/MS on parent ion and monitoring the main daughter ion.

3.2.6 MS/MS imaging:

Two red pens containing Rhodamine B and Rhodamine 6G were used one a piece of paper. One

pen to write a 3 and an F and the other to convert the 3 to an 8 and the F to a B. The paper was

secured to the moving stage and a MS image was obtained. The flow rate was set at 3µL/min,

spray tip to inlet distance 3 mm, and spray tip to surface distance 1 mm, solvent was a 1:1

MeOH:H2O for both DESI and EASI. Voltage was set at 5kV and pressure at 100 psi for DESI,

while EASI was done at 140 psi and 0kV. Spatial resolution was set at 150 micrometers, 2 micro

scans per spot, and Automatic Gain Control turned off. Experiment ran in MS/MS mode (daughter

ion scan) monitoring 443 m/z fragments from 200 to 500 m/z, with collision energy of 19eV.

3.2.7 Imaging

Ion images were obtained using a lab-built software named ImgCreator that converted the mass

spectra files into a format that is compatible with Biomap (freeware, www.msi.maldi.org).
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3.3 Results and Discussion

3.3.1 Water sensitive paper

The first experiment was done with water sensitive paper in order to compare the size of the spray

impact produced by both DESI and EASI. This type of paper changes color when water hits it,

thus allowing for a visual inspection of the solvent impact area. The lines were created by

alternating DESI and EASI conditions created to minimize variation due to sample surface, such

as previous exposure to moisture or geometry fluctuation. By alternating each line this ensures

both methods are comparable even if setup errors arise. DESI was expected to give a different

spray pattern since the solvent droplets were charged, if the charge on the droplet is sufficient,

approaching the Reilegh limit, this could lead to a columbic explosion of the droplets resulting in

much smaller solvent droplets.



41

Figure 11. Spots and lines produced by desi (D) and easi (E) obtained on water sensitive paper

using methanol and water at 9:1 and 1:1 ratio. Panel (A) represents spots made with varying solvent

flow rates of 0.5 µL/min, 1.0 µL/min, 2.0 µL/min and 4.0 µL/min using both solvent mixtures.

Panel (B) represents spots made with varying nebulizing gas (N2) pressure of 80 psi, 100 psi and

140 psi using methanol and water (1:1) at 2.0 µL/min flow rate.

At first the impact between DESI and EASI using two different solvent compositions at varying

solvent flow rate was analyzed. A solvent with 9:1 MeOH/H2O composition was compared with a

solvent of 1:1 MeOH/H2O, and for both methods the solvent with 1:1 tended to show signs of
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sample smearing at 4 µL/min. This is expected since the mixture of 1:1 MeOH/H2O evaporates

slower than the 9:1 MeOH/H2O, as a result the solvent evaporation rate is lower than the solvent

flow rate and this difference leads to buildup of the solvent and smearing across the sample.

Smearing effects have a big impact in imaging mass spectrometry because ions get delocalized,

losing spatial information, hence the quality of the image will drop proportionally to the amount

of smearing. As the solvent flow rate increases the area of the solvent impact increases as well,

even though using a higher ratio of methanol prevented sample smearing the 1:1 ratio is

comparable in size to the 9:1 MeOH/H2O solvent. This demonstrates the need for a lower flow

rate in order to achieve good resolution when working with spray based imaging mass

spectrometry techniques such as DESI-MS or EASI-MS. (Figure 11a). Pressure effects were

investigated by varying pressure and keeping the other parameters the same. The pressure was

varied however the overall impact on the spray spot area was minimal. No significant change was

observed from 80 to 140 psi, also no distinguishable difference between the DESI and the EASI

lines. Pressure does not seem to have a big impact on resolution however EASI ionization

efficiency is dependent on high pressure compared to DESI. The standard EASI 400 psi pressure

would destroy most biological samples being analyzed and is impractical for imaging, therefore

studies were limited to a maximum of 140 psi, considered enough for EASI to achieve effective

ionization while still maintaining the integrity of samples. [86] From the experiment the voltage

applied on a solvent doesn’t affect the spray spot size in a significant measure. The major

components affecting the spray spot size for both methods are the solvent composition and the

solvent flow rate, a smaller impact on the spray spot size is the nebulizing gas backpressure and

the spray voltage component seems to have little to no overall effect on spray spot size. As a result

the spatial resolution remains the same if operated under similar experimental conditions.
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3.3.2 Limits of detection on Porous PTFE

One of the main differences between the techniques is supposed to be that DESI is more sensitive

for low abundance compounds. This claim was investigated by spotting standards of various

compounds on a porous PTFE surface. The surface is non polar and the small pores size help

concentrate the sample. This allows for the stray spot to effectively cover the entire region of the

sample. The compounds tested needed to be pipetted onto the surface, however adherence to the

surface is difficult for polar solvents such as water. A common issue was the droplet remaining on

the pipette tip rather than going on the surface. To overcome this issue a mix such as methanol and

water can increase adherence. Another common issue when working with low concentrations is

that the spray is most efficient in the very center of the spray spot area and ionization efficiency

drops towards the edge of the spray, therefore for consistent results the spray needs to ideally hit

the very center of the pipetted sample consistently. A guide line drawn across the porous PTFE

surface using a spare inlet and little pressure was used to ensure consistent reproducible results.

Geometry is an important factor when analysing with either DESI or EASI, an inlet is made of

metal, it is rounded a few millimetres in width, this allows to apply consistent pressure and not to

create a sharp depression in the surface, as in the case of a ruller or a pen tip. The shallow groove

also increased contact with the droplet pipetted on the surface making the pipetting process easier.

The various concentrations of the compounds were then pipetted and monitored using selected

reaction monitoring SRM mode. By fragmenting the parent ion and monitoring the main daughter

ion this ensures a low level of noise and can be used to confidently identify whether or not a signal

of the targeted ion is detected. The lowest limit of detection was reported for cases where it was

detected at least three separate runs out of four tries.
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A summary of optimum conditions used for each compound and the lowest concentration detected

reliably with both DESI and EASI parameters is provided in Table 4. The pKa values were

obtained from DrugBank database.

Table 4: Limits of detection of selected compounds using both method conditions on a porous

PTFE surface.

Dobutamine and Ibuprofen were detected at the same concentration in both methods. This event

suggests that EASI has the potential to be as sensitive as DESI under certain conditions.

Dobutamine has pKa 9.68 and Ibuprofen has pKa of 4.85, as a result both of these compounds are

charged when pipetted onto the surfaces and are detected at the same concentrations in both

Lowest Conc.

Detected

(ng/µL)

Compound
Scan

Mode
pKa

Collision

Energy
Precursor → product (m/z) DESI EASI

Propranolol + 9.42 27 260.2 [M+H]+ → 183.2 0.1 1

Testosterone + 19.09 20 289.3 [M+H]+ → 253.2 10 100

Dobutamine + 9.27 25 302.3 [M+H]+ → 137.2 10 10

Verapamil + 9.68 23 454.4 [M+H]+ → 303.3 0.01 0.1

Chloramphenicol - 7.49 27 321.0 [M-H]- → 257.0 0.01 0.1

Ibuprofen - 4.85 20 205.2 [M-H]- → 161.2 1 1

Diazepam + 2.92 30 285.3 [M+H]+ → 257.1 0.1 1

Roxithromycin + 9.08 20 837.7 [M+H]+ → 679.2 0.01 0.1

Angiotensin + 7.76 20 523.8 [M+H]+2 → 784.4 1 10



45

methods. This result suggests that compounds that do not need ionization are solely dependent on

the desorption factor in which case there is little difference between the two techniques. However

when other compounds were investigated such as Verapamil or Roxithromicin both with a pKa

above 9 these compounds had a lower limit of detection by one factor of magnitude with DESI

over EASI parameters. This result suggests that for some compounds even though they are present

as ions the highly charged nature of the solvent in DESI can result in more ions being desorbed

from the surface and transferred to gas phase. For compounds that require ionization DESI has a

higher ionization efficiency as observed in the case of Angiotensin and Chloramphenicol both with

a pKa around 7, this is a result of the higher charge density per droplet generating more ions per

sample area. Important to note that even though EASI has a lower ionization efficiency it is still

able to ionize difficult samples such as Testosterone pKa 19.09, this is a good indication that the

ionization is a result of the techniques and not simply the solvent being applied on the surface. As

is the experiment does confirm that DESI in general does indeed have more sensitivity than EASI.

The difference between DESI and EASI does not exceed one order of magnitude, this is consistent

across the sample tested.
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Figure 12. Typical scan of a line with spots of concentrations from 0.01ng to 100ng/spot. SRM

scan of Verapamil drug taken with EASI conditions on the left and DESI conditions on the right

on an absolute intensities scale versus time.

An example is provided in Figure 12 of a SRM mode scan between DESI and EASI of a line

containing increasing concentration of sample. The sample is fragmented and the main daughter

ion is plotted on the graph. Detection of lower limit compounds is possible using DESI, however

at very low concentrations it doesn’t give a linear response. This can lead to ambiguous in situ

information when imaging very low abundance chemical species.

3.3.3 Tandem mass spectrometry imaging

MS/MS imaging was performed with both DESI and EASI to compare the quality of images and

demonstrate their potential for tandem mass spectrometry images. Isobaric species can be a

problem for mass spectrometers with a lower resolution, however using tandem mass spectrometry

isobars can be differentiated. This experiment tests two red inks that are isobars, the formulation
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of the two red inks tested gives the same nuance of red. The principal component for the color red

is rhodamine B for one pen and rhodamine 6G for the other, both of these compounds appear at

m/z 443 in a positive ion mode. A image was obtained using selected reaction mode (SRM) where

the m/z 443 ion was selected and fragmented and the resulting ion spectra was monitored. The

signal mapped at m/z 443 is the parent ion remaining after collision, the two rhodamine compounds

have slightly different collision energy resulting in a different ion intensity. This can be observed

in Figure 13b. Rhodamine B fragmentation has a neutral loss of a CO2 fragment and the daughter

ion can be observed at m/z 339, while rhodamine 6G fragmentation has a neutral loss of ethylene

resulting in a daughter ion observed at m/z 415[87].

Figure 13. a) Optical image of an 8 and a B made by two different red ink pen formulations to

demonstrate an attempt at forging a document. b) DESI image of the 443 m/z ion of the red ink

Rhodamine B and Rhodamine 6G c) DESI MS/MS image of the daughter ion 399 m/z of

Rhodamine B 443 m/z d) DESI MS/MS image of the daughter ion 415 m/z of Rhodamine 6G 443

m/z e) DESI MS/MS image of the daughter ion 399 m/z, in red, of Rhodamine B 443 m/z ion, and
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an overlap of the daughter ion 415 m/z, in green, of Rhodamine 6G 443 m/z f) EASI image of the

overlap between ion 399 m/z in green and ion 415 m/z in red. g) EASI MS/MS image of the

daughter ion 399 m/z of Rhodamine B 443 m/z h) EASI MS/MS image of the daughter ion 415

m/z of Rhodamine 6G 443 m/z.

Mapping the daughter ions can make it very easy to observe that the red ink comes from two

different sources. An overlap of the two daughter ions gives the exact area that was modified and

reconstructs an ion image that matches exactly to the optical image, thus demonstrating the use of

these techniques for document forensic discrimination. This is observed under both DESI and

EASI conditions with similar results. It is important to note that using very high solvent flow rate

such as traditional EASI (20µL/min) or very high gas back pressure (400psi) can lead to damage

of the document being interrogated, however this study demonstrates that EASI is still a viable

alternative if kept at the parameters used in these experiments, namely flow rate 5µL/min and gas

back pressure 140psi. These parameters preserved the integrity of the document and had little to

no smearing.

3.4 Conclusion

Several new experiments were performed in order to further interrogate the viability of IMS by

DESI and EASI. The water sensitive paper demonstrated no significant difference in spray spot

size onto a sample when varying voltage, which indicates that both techniques have similar solvent

spray distribution. The spatial resolution of both techniques is similar thus we can also conclude

that it has similar area of ionization as the DESI experiments. The voltage has virtually no impact

on the solvent spray cone distribution, while it may result in different solvent particle sizes it does
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not affect the overall area solvent spot or ionization area ionization. For both methods under high

flow rate conditions they showed signs of smearing the surface even with increase in pressure;

therefore solvents with high volatile composition and low flow rates are desired for imaging

purposes. The water sensitive paper experiments revealed that increasing pressure can reduce

droplet spread, but not to a significant degree. In imaging experiments high flow rate is

undesirable, because it tends to lead to smearing and a larger spray spot area, these results in low

quality images with ambiguous ion distribution. EASI had comparable results with DESI even

with a low flow rate which indicates it can be practical for IMS use.

The results showed that good chemical images can be obtained by both techniques. DESI was

found to be similar or more sensitive than EASI depending on the analyte interrogated.

In the limits of detection experiment when no voltage was applied the detection was in some cases

the same or an order of magnitude worse. Similar was the scan of the lipids in the brain tissue

which revealed a mirror image in terms of what compounds can be detected in both methods, with

a slight drop in overall signal intensity when no voltage was applied. This indicates that both the

limit of detection and imaging performance can be enhanced if using a charged solvent.  While the

ion count is lower in EASI than DESI, both techniques result in similar spatial resolution, can both

be used in MS/MS imaging, and have the same sample specificity, hence both can be used to create

ion images. Considering that the analyses were conducted using the same experimental conditions

(gas pressure, solvent composition and flow rate), further investigation is still necessary to explain

the difference in the signal intensity based on physical chemistry properties of the analytes and

solvents (proton affinity, solubility, and pKa) and therefore to predict when EASI could replace

DESI in IMS without any detriment in terms of analytical sensitivity.
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ABSTRACT: This work illustrates reactive desorption electrospray
ionization mass spectrometry (DESI-MS) with a stable dication on
biological tissues. Rat brain and zebra fish tissues were investigated with
reactive DESI-MS in which the dictation forms a stable bond with
biological tissue fatty acids and lipids. Tandem mass spectrometry
(MS/MS) was used to characterize the dication (DC9) and to identify
linked lipid-dication compounds formed. The fragment m/z 85
common to both DC9 fragmentation and DC9-lipid fragmentation
was used to confirm that DC9 is indeed bonded with the lipids. Lipid
signals in the range of m/z 250−350 and phosphoethanolamines (PE)
m/z 700−800 observed in negative ion mode were also detected in positive ion mode with reactive DESI-MS with enhanced
signal intensity. Reactive DESI-MS imaging in positive ion mode of rat brain and zebra fish tissues allowed enhanced detection of
compounds commonly observed in the negative ion mode.

Imaging mass spectrometry (MS) is an established field of
mass spectrometry; it is a powerful tool capable of measuring

ion distributions over spatial coordinates. Several imaging MS
techniques have been used over the years, such as secondary
ion mass spectrometry (SIMS), matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS), and desorption
electrospray ionization mass spectrometry (DESI-MS), among
others.1−3

DESI-MS is a versatile ambient technique used for imaging
MS since 2006.1,4−10 DESI-MS works by spraying charged
solvent droplets onto a sample. A liquid interface with the
surface is created into which the analytes get transferred;
subsequent charged droplets impact the surface and desorb
droplets containing the analyte via a “droplet pick up”
mechanism. Gas phase ions are produced by drying of the
droplets containing analyte, which then proceed to the MS inlet
to be analyzed by the mass spectrometer.11 Reactive DESI-MS
is a variant of the DESI-MS technique, in which a reactant is
included in the spray solvent. When the solution is sprayed on
the sample surface it reacts with the sample analyte, the
resulting product is analyzed by the mass spectrometer.
Reactive DESI has been used when working with samples
that are difficult to ionize, typically via simple adduct formation,
such as complexation of RDX with the anion CF3COO

− or
TNT with the methoxide anion.12 However, bond-forming
reactions using reactive DESI were also reported.13 The
experiment used cyclization with benzeneboronate anions
PhB(OH)3

− on biomolecules containing aliphatic diols and
aromatic diols, compounds which are not ionized efficiently via
ESI and MALDI. Reactive DESI is a powerful tool due to its

capabilities to be able to target molecules of interest or difficult
to ionize compounds, in order to detect and/or enhance the
ionization efficiency.12−16

Ionic liquids are salts of cations and anions that cannot easily
form a crystal and will remain in liquid state at room
temperature. Commonly used in organic synthesis, in this
work they have been implemented in mass spectrometry to
enhance compound detection and boost signal intensity by
adduct formation or covalent bonding to targets of
interest.17−21

In a recent work involving stable dications applied to reactive
DESI-MS, nine stable dicationic compounds named DC1-DC9
were synthesized and tested against lipid standards. The
dications have two rings of either 5 or 6 atoms, linked by a
hydrocarbon chain with varying length and with a positive
charge on the nitrogen atom of each ring. The compounds
DC2 and DC9 achieved increased signal intensity in the
reactive DESI-MS mode when tested on lipid standards
compared to negative ion mode control. DC9 attained superior
signal intensity over a broader range of compounds than DC2,
therefore DC9 has been chosen for the purpose of this study.
DC9 has the molecular formula [C6(C1Pyrr)2][Br]2 and is a
stable dicationic salt able to bind to a negatively charged
compound (Figure 1). It can be detected as a bound ion-pair
(DC9-lipid) in the positive ion mode in DESI-MS. DC9 has a
mass of 254.4 Da and one positive charge on each nitrogen
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atom, and it can be observed at m/z 127.1 by DESI-MS. Once
DC9 binds to the lipid, the net charge of the complex becomes
positive, which permits imaging of compounds, more
importantly, lipids in the positive ion mode. Fatty acids and
certain classes of lipids are detected in the negative ion mode;
however, DC9 is capable of creating an ion-pair, changing the
polarity of the compounds for DESI-MS analysis. Analyses with
DC9 in the positive ion mode allows for a higher signal-to-
noise ratio and increased sensitivity for selected lipids when
compared to the negative ion mode. It is important to mention
that steric hindrance, structural flexibility, and charge local-
ization seem to be the main factors affecting binding of the
ionic liquid to the targeted lipid for detection in the positive ion
mode.17

The aim of this work is to evaluate the performance of the
dicationic compound DC9 in biological tissue samples in the
positive ion mode by DESI-MS. Enhancements of the lipid
signal intensity and/or signal-to-noise levels due to a change in
polarity can allow improved imaging of biological samples.
Zebra fish were selected here since it is an important biological
model commonly used to study genetics,22,23 environmental
toxicology,24−27 cancer,28,29 and other diseases.30−32 Rat brain
is another important biological model generally used to study
behavioral patterns,33,34 cancer,35,36 and disease.37−41

We introduce applications for imaging of lipids in the
positive ion mode from rat brain and whole body zebra fish
tissue with enhanced intensity and ionization efficiency using
reactive DESI-MS. DESI-MS has been employed in negative
ion mode to discriminate normal from cancerous tissue based
on lipid profiles;42−44 we foresee this application to open new
avenues into cancer research and lipidomics studies on complex
tissues.

■ MATERIALS AND METHODS
Materials and Biological Samples. The HPLC-grade

methanol, tricainemesylate and carboxymethyl cellulose sodium
(CMC), were purchased from Sigma-Aldrich (Oakville, ON,
CA). Porous PTFE sheets 1.5 mm thick with an average porous
size of 7 μm was purchased from Berghof (Eningen, Germany).
Microscope slides 26 × 77 mm with a thickness of 1 mm single
frosted were purchased from Bionuclear diagnostics Inc.
(Toronto, ON, Canada). Rat brains were purchased from

Rockland Immunochemicals Inc. (Gilbertsville, PA). Zebra fish
were donated by Dr. Chun Peng (York University, Toronto,
ON, CA). H&E staining kit was purchased from American
Master Tech Scientific (Lodi, CA).

Dicationic Compound Synthesis and Preparation. The
compound DC9 investigated in this study was synthesized
using previously reported literature.17,45,46 A stock solution of 1
mM was prepared by dissolving DC9 in methanol. A diluted 10
μM DC9 solution was prepared from DC9 stock solution and
diluted into a 20 mL sterilized vial with methanol. All DESI-
MS, imaging, and tandem mass spectrometry (MS/MS)
experiments with DC9 were conducted with 10 μM DC9
methanol solution in the solvent spray. For the purpose of this
study, the dicationic compound DC9 was investigated against
biological tissue samples.

Rat Brain Sample Preparation and Cryosectioning. Rat
brain was stored in a −80 °C freezer. The brain was sectioned
into 20 μm size coronal cross section slices on a Shandon
cryotome FE (Thermo Fischer Scientific, Nepean, ON,
Canada). The sections were placed onto microscope glass
slides and kept frozen in a −18 °C freezer. Prior to DESI-MS
analysis, the rat brain tissue slices were defrosted and dried for
30 min at room temperature. H&E staining was conducted on
adjacent tissue sections after DESI-MS analysis.

Zebra Fish Tissue Sample Preparation and Cryosec-
tioning. Four zebra fish were euthanized in a container with
tricainemesylate solution at 300 mg/L. The deceased fish were
placed into flexible molds to provide support and prevent
deformation while cryosectioning. A 5% CMC solution was
prepared with distilled water and poured into each mold
containing a whole body zebra fish. The molds were
immediately frozen at −18 °C overnight before sectioning.
For cryosectioning, the plastic mold was removed and CMC
frozen zebra fish blocks were used to prepare 20−50 μm
sagittal tissue sections. The fish slices were placed on glass
microscopic glass slides and kept in −18 °C freezer until use.
Prior to DESI-MS analysis, the zebra fish slices were defrosted
and dried for 30 min at room temperature. H&E was
conducted on adjacent tissue sections after DESI-MS analysis.

Tandem Mass Spectrometry (MS/MS) Analysis. For the
DC9 characterization, 2 μL of a 10 μM solution was spotted on
a PTFE surface and sprayed with pure methanol. For the

Figure 1. Tandem mass spectrometry (MS/MS) analysis of the dicationic compound DC9 observed at m/z 127. Top inset is a zoom scan (a feature
of Thermo Finnigan instrument, a scan with a higher resolution and longer acquisition time) which shows the natural abundance isotope of the
doubly charged species, and the bottom inset shows the structure of the DC9 dication with its IUPAC name.
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characterization in reactive DESI-MS, 10 μM DC9 in methanol
was sprayed directly onto the biological tissue samples. The
MS/MS collision energy was set to 90 (arbitrary units) for the
DC9 and 12 (arbitrary units) for the DC9-lipid compounds.
DESI-MS Parameters for Rat Brain and Zebra Fish

Tissue. The nebulizing nitrogen gas back pressure was 120 psi,
the solvent voltage was set at 5 kV, the spray capillary to surface
angle was 52°, the spray capillary to surface distance was ∼0.5−
2 mm, and the spray capillary to inlet distance was 4−5 mm.
The solvent flow rate was set at 3 μL/min, and solvent
composition was pure MeOH for negative ion and positive ion
modes control, and MeOH spiked to 10 μM DC9 for reactive
DESI-MS positive ion mode. The injection time was set at 30
and 40 ms for rat brain and zebra fish, respectively. Imaging
spatial resolution was set at 150 μm for both rat brain and zebra
fish. The mass in the negative ion mode was scanned in the
range of m/z 200−800. In the positive ion mode and the
reactive DESI-MS positive ion mode control the mass was
scanned in the range of m/z 454−1245. The data was acquired
on a Thermo Finnigan LTQ using Xcalibur and was processed
using Biomap (freeware, www.msi.maldi.org) to generate ion
images of signal intensity versus spatial coordinates.

■ DISCUSSION

The identity of DC9 was confirmed by spotting 2 μL of 1 mM
DC9 sample on a PTFE surface and spraying the spot with pure
methanol solvent. Moreover, DC9 was subjected to MS/MS
analysis from the spotted sample on a PTFE surface. One
common fragment at m/z 85 corresponds to N-methyl
pyrrolidine radical cation from the alpha cleavage of the
nitrogen ring. Its complementary radical cation at m/z 169 is
not observed. Instead, the peak at m/z 168 can be associated
with the loss of a hydrogen radical in order to form a carbon−

carbon double bond at the end of the chain. This double bond
could help in the stabilization of the remaining positive charge.
The fragment observed at m/z 84 corresponds to the methyl
heterocyclic ring cation with a double bond. Its complementary
cation can be observed at m/z 170 (Figure 1).

Rat Brain DESI-MS Analysis. Different solvent systems
were investigated briefly in a previous study.17 It was found that
pure methanol gave a superior signal over a chloroform
methanol 1:1 mix. These findings were confirmed for imaging
experiments conducted on rat brain and zebra fish tissues.
Reactive DESI-MS was attempted in a chloroform:methanol
1:1 (v/v) mix on rat brain and zebra fish tissues; it was found to
have a decreased intensity compared to a pure methanol
solvent system (data not shown). All experiments involving
DESI-MS in negative and positive ion mode controls were
performed under optimum solvent conditions of pure
methanol. The rat brain tissue was submitted to three analyses
for comparison: DESI-MS in positive ion mode control, DESI-
MS in the negative ion mode, and reactive DESI-MS with DC9
in the positive ion mode.
In the positive ion mode control (Figure 2a) and in the

reactive DESI-MS experiments on the rat brain tissue (Figure
2c), a cluster of phosphatidylcholines between m/z 700−900
was observed. MS/MS analysis was conducted on the peaks in
the cluster and several of the highest intensity compounds, m/z
782, 798, and 848, were identified as phosphatidylcholines.
Phosphatidylcholines have a main fragment neutral loss of 59
Da associated with trimethylamine and a neutral loss of 183 Da
corresponding to the choline head group which was observed in
the peaks between m/z 700−900 (Figure S1 of the Supporting
Information).47−49

In the negative ion mode, two distinct clusters of ions were
observed in the rat brain tissue (Figure 2b). In the first cluster

Figure 2. Representative DESI-MS mass spectra of lipids in rat brain. (a) Phosphatidylcholines present in rat brain in positive ion mode control (b)
Lipids in rat brain in negative ion mode control. (c) Reactive DESI-MS spectrum of enhanced intensity DC9-lipid ion pairs in rat brain in the
positive ion mode.
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of ions, between m/z 250−350, palmitoleic acid (16:1) at m/z
253, palmitic acid (16:0) at m/z 255, oleic acid (18:1) at m/z
281, and arachidonic acid (20:4) at m/z 303 were identified.
Another cluster was observed between m/z 700−900 consisting
of phosphoethanolamine (PE 36:1) at m/z 700 (not shown),
phosphoethanolamine (PE 36:2) at m/z 726, phosphoethanol-
amine (PE 38:4) at m/z 766 (not shown), phosphoethanol-
amine (PE 40:6) at m/z 774, and phosphoethanolamine (PE
40:6) at m/z 790 (Figure 2b).
Figure 2 has a mass shift of m/z 254 for the positive ion

mode in order to align the ions bound to DC9 with the
observed negative ions. DC9 has a permanent charge and a very
strong signal intensity; the mass range around 254 displays a
very strong peak suppressing the signal and leads to broad
peeks and unstable signal, therefore it is necessary to choose a
mass range above this peak to acquire quality data with DC9.
Several fatty acids and lipids present in the DESI-MS

negative ion mode can be observed with DC9 in positive
spectra. In the positive ion mode reactive DESI-MS with
compound DC9, three distinct clusters of ions can be observed
(Figure 2c). The first cluster of ions between m/z 500−600
corresponds to the first cluster in the negative ion mode. DC9-
palmitoleic acid (16:1) at m/z 507 was enhanced compared to
the negative ion mode spectra, while other fatty acids in that
range maintained their previous profile. The second cluster
observed between m/z 700−900 is the phosphatidylcholines
species in similar abundance to the DESI-MS positive ion mode
control. The third cluster of ions between m/z 950−1050 is
where the most increase in terms of both the relative and
absolute intensity is observed when compared to the negative
ion mode spectrum. Several lipids had enhanced relative
intensity; for instance, PE (34:1) m/z 700 cannot be reasonably
detected in the negative ion mode since it is in the noise level,
and PE (36:2) m/z 726 has very low intensity in the negative
ion mode. However, in the reactive DESI-MS spectrum with
DC9, the relative intensity increased and became easily
distinguishable from the noise level (Figure 2c). PE (34:1)
and PE (36:2) can be observed in the positive ion mode as their
mass plus the DC9 mass at m/z 955 and m/z 980, respectively
(Figure 2c). The very intense peaks in the negative ion mode at
m/z 834 and m/z 885 correspond to a phosphatidylserine (PS
40:6) and a phosphatidylinositol (PI 48:4) that are not
observed in the reactive DESI-MS spectrum. As a result, the use
of this technique can provide information complementary to
the negative ion mode spectra and enhance the signal of low
intensity ions that might be available in the sample but difficult
to ionize or desorb. Table 1 summarizes the effect of reactive
DESI-MS on specific fatty acids or lipids compared to the
negative ion mode results. To determine how the DC9
compound affects detection, the signal-to-noise was used as an
indicator. Signal intensity does not necessarily correlate with
better detection, in our case DC9 compounds detected in the
positive mode were seen to have higher intensity but also
higher noise levels. Thus we report the change in signal-to-
noise ratio in order to have normalized data comparison. Three
average spectra taken across the entire rat brain samples were
compared between positive ion mode scans with DC9 and
negative ion mode scans. The three spectra chosen targeted
gray and white matter and were taken from the widest section
of the brain. Table 1 reports whether the signal-to-noise levels
of each compound increased or decreased compared to their
native detection in the negative ion mode. These values are
provided in order to help the understanding of the signal

change using DC9; however, variations between and within
samples based not only on the chemical nature of this reaction
but also by the small variation of the spray geometry features of
DESI can occur.
Using tandem mass spectrometry, we identified several

compounds to be linked with DC9: m/z 507, 535, 557, 980,
1020, 1028, and 1044 consisting of DC9-lipid ion pairs. A
common loss of 85 was observed for all ions mentioned above
upon fragmentation of the DC9-lipid ion pairs (Figure S2 of
the Supporting Information). The loss of 85 corresponds to the
DC9 nitrogen ring cleaved at the α position Figure 1. From
these results, DC9 creates a stable ion-pair compound with
lipids which cannot be easily fragmented. The collision energy
used to obtain the fragmentation data was set to 12 (arbitrary
units), from this we can infer that DC9 becomes easier to
fragment rather than dissociate from the lipid adduct but also
that it can have the effect of reducing or preventing in source
fragmentation. This stabilizing effect could be a factor in the
overall increase of signal. This opens the possibility that DC9
could be used for other techniques to increase signal intensity
and stabilize lipids. For example, the MALDI technique has
been used to map rat brain lipids,55−58 and DC9 could
potentially be incorporated in the matrix application step to
stabilize certain labile lipids, such as gangliosides, a family of
glycosphingolipids, prone to lose sialic acid group upon
MALDI measurement.59,60

Selected ions in Figure 3 illustrate the imaging of lipids using
reactive DESI-MS in the positive ion mode. In reactive DESI-
MS, it is clear that some lipids are present only in the gray
matter, such as PE (36:2) at m/z 980, whereas other lipids are
only in the white matter of the brain, such as at PE (40:6) at m/
z 1044; when the two ions are overlapped a clear image of the
structural features in white matter and gray matter can easily be
distinguished (Figure 3j). Negative ion mode images of
arachidonic acid (20:4) at m/z 303 and phosphoethanolamine
(PE 36:2) at m/z 726 were added to Figure 3 (panels k and l)
for comparison. Other negative ions, namely oleic acid (18:1),
palmitoleic acid (16:1), phosphoethanolamines, and phospha-
tidylserine (PS 40:6) of corresponding reactive DESI-MS

Table 1. Lipids and Dicationic Compound DC9 Forming
Ion-Pairs in DESI-MS Spectrum in Positive Ion Mode of Rat
Brain (DC9 MW 254.4 Da)

rat brain lipids in
negative ion mode

observed
m/z

negative
ion mode

DC9-lipid ion
pair in rat brain
in positive ion

mode

signal to noise
change (DC9 vs
negative ion

mode)

palmitoleic acid (16:1) 25350,51 507 512%
palmitic acid (16:0) 25550−52 509 26%
oleic acid (18:1) 28150−53 535 37%
arachidonic acid (20:4) 30350−53 557 37%
phosphoethanolamine
(PE 34:1)

70054 955 127%

phosphoethanolamine
(PE 36:2)

72654 980 107%

phosphoethanolamine
(PE 38:4)

76654 1020 153%

phosphoethanolamine
(PE 40:6)

77454 1028 124%

phosphoethanolamine
(PE 40:6)

79054 1044 119%

phosphatidylserine
(PS 40:6)

83450,52,53 1088 not detected

phosphotidylinositol
(PI 38:4)

88550−53 1139 not detected
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selected ions, are in Figure S3 of the Supporting Information.
With reactive DESI-MS, one can visualize the same distribution
of the same compounds, such as phosphoethanolamine (PE
36:2) which has a strong intensity, while in the negative mode

the signal intensity is low, resulting in a poor quality image.
There seems to be a slight variation of the distribution of ion
intensity when comparing DC9 to the negative mode; this can
be observed when comparing phosphoethanolamine (PE 36:2)

Figure 3. Panel of rat brain images analyzed by reactive DESI-MSI with compound DC9 in the positive ion mode. (a) Optical image of rat brain
tissue slide with outline. (b) H&E stained rat brain tissue slide. (c−i) DESI-MS images of lipids with DC9 ion pairs in the positive ion mode. (c) m/z
507: DC9 and palmitoleic acid (16:1). (d) m/z 535: DC9 and oleic acid (18:1). (e) m/z 557: DC9 and arachidonic acid. (f) m/z 980: DC9 and PE
(36:2). (g) m/z 1020: DC9 and PE (38:4). (h) m/z 1028: DC9 and PE (40:6). (i) m/z 1044: DC9 and PE (40:6). (j) Overlay image of m/z 980
and m/z 1044. (k and l) DESI-MS images of lipids in the negative ion mode. (k) Arachidonic acid (20:4) at m/z 303. (l) Phosphoethanolamine (PE
36:2) at m/z 726.

Figure 4. DESI-MS spectra of characteristic metabolites in whole body zebra fish tissue sections. (a) Phosphatidylcholines in zebra fish in DESI-MS
positive ion mode control. (b) Control DESI-MS spectrum of zebra fish tissue in the negative ion mode. (c) Positive reactive DESI-MS spectrum of
enhanced intensity between DC9-metabolite ion pairs in zebra fish compared to DESI-MS spectrum negative ion mode control.
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in Figure 3 (panels f and l). The signal intensity difference
could be attributed to the ionization efficiency difference, due
to matrix effects from the tissue, leading to a different ionization
pattern when comparing the negative ion mode ionization to
the reactive DESI ionization. DC9 forms a stable complex and
could have a stabilizing effect on certain compounds, thus
leading to a more intense signal by reducing or eliminating in
source fragmentation. It is difficult to definitively determine the
process which gives rise to this variation, and further research
on reactivity needs to be performed. Figure 3d exhibits a border
effect, which was later identified to be a result of the mounting
glue polymer used in the tissue sectioning.
Zebra Fish DESI-MS Analysis. Spectra of zebrafish whole

body were acquired in the negative ion mode, in positive ion
mode control, and reactive DESI-MS with DC9 positive ion
mode for comparison. Figure 4 has an m/z shift of 254 for the
positive mode in order to align the negative ions with the
positive DC9 ions.
Similarly to the rat brain, the positive ion mode control of

the zebra fish in the range of m/z 700−900 has a cluster of
phosphatidylcholines, Figure 4a. These lipids were also
confirmed via tandem mass spectrometry as described in the
rat brain section (see Figure S1 of the Supporting
Information).47,48

In the negative ion mode, the range between m/z 250−350
contains ions such as palmitic acid (16:0), linoleic acid (18:2),
oleic acid (18:1), and others (Figure 4b and Table 2). 5α-

Cyprinol 27-sulfate, a bile salt produced in the intestinal system,
was detected at m/z 531.61Two phosphatidylserines (PS 36:1
and PS 40:6) identified at m/z 788 and 834, a phosphatidy-
linositol (PE 38:4) at m/z 885, and a sulfatide (ST 24:0) at m/z
890 were also observed.61

In reactive DESI, Figure 4c, all compounds detected in the
negative ion mode in the range of m/z 250−350 were
confirmed via tandem mass spectrometry. Compounds with a
common loss of m/z 85 correspond to DC9 cleavage at the
nitrogen ring. The bile salt 5α-cyprinol 27-sulfate was also
observed in the reactive DESI-MS ion mode in the intestines

region. Lipid compounds including phosphatidylserines (PS),
phosphatidylinositols (PI), and phosphatidylglycerols (PG)
have a low binding affinity to DC9 and were not detected in
our reactive DESI-MS experiment. These results are in
accordance with a previous study conducted with lipid
standards where enhancement of these types of lipids in the
reactive DESI-MS spectrum was not observed.17

Higher mass compounds in the reactive DESI-MS in the
range of m/z 900 and above were not possible to identify via
tandem mass spectrometry due to overlapping signals of
multiple ions and/or low signal intensity. Fragmentation was
possible when the isolation window was open to m/z 10. The
fragmentation energy required was 7 (arbitrary units), and the
fragments obtained are provided in Table S1 of the Supporting
Information. The fragments obtained are very broad, indicating
that a cluster of ions is being formed with DC9. This pattern of
ions is only observed with DC9. Signal intensity was too low to
perform MS3 analysis, and although positive identification was
not possible at the moment, some of these ions were mapped
and images are provided in Figure S5 of the Supporting
Information. From the analysis of the distribution of these ions,
they seem to have the same distribution, indicating that they
belong to the same class of compounds. The ions are present
throughout the body with the exception of the organs. Further
investigations will be performed using a high-resolution mass
spectrometer.
As applied before, the signal-to-noise was used as an

indicator of the DC9 effect on detection. Three average spectra
were taken across the entire zebra fish samples and were
compared between positive ion mode scans with DC9 and
negative ion mode scans. These spectra were acquired from the
eye to the tail of the zebra fish. Table 2 reports whether the
signal-to-noise levels of each compound increased or decreased
compared to their native detection in the negative ion mode.
These values are provided in order to help the understanding of
the signal change using DC9. As explained earlier, there is great
variation, especially when trying to encompass an entire
specimen’s body where the various organs will have different
composition and may either suppress or enhance the reaction
of the DC9 to varying extents.
Selected zebra fish ion images in Figure 5 illustrate the

mapping of lipids using reactive DESI-MS in the positive ion
mode. Compound distribution can be observed throughout the
entire body, such as oleic acid (18:1) (Figure 5e) or with a high
abundance in certain organs, such as docosahexaenoic acid
(22:6) (Figure 5f) in the eye or spleen, and 5α-cyprinol 27-
sulfate found in the digestive system (Figure 5g). Structural
features can easily be elucidated whenever using the reactive ion
mode with DC9. An overlap between palmitic acid (16:0)
concentrated in the fish liver and docosahexaenoic acid (22:6)
concentrated in the eye and spleen is shown as an example of
how reactive DESI-MS imaging can be used for biological
structural differentiation. Negative ion mode images are
included in the Figure 5 (panels i−l) for comparison of
corresponding reactive DESI-MS selected ions. Additional
negative ion mode images of phosphatidylserine (PS 40:6) at
m/z 834 and phosphatidylinositol (PI 38:4) at m/z 885 are
provided in Figure S4 of the Supporting Information. When
comparing the same ions ionized in reactive DESI-MS over the
control negative mode, different signal intensity between the
two modes can be observed due to different tissue composition
which react differently with the reactive DESI-MS. This may
prove very advantageous since reactive DESI seems to provide

Table 2. Zebra Fish Metabolites and Dicationic Compound
DC9 Ion Pairs in DESI-MS Spectrum in the Positive Ion
Mode (DC9 MW 254.4 Da)

zebra fish metabolites
in negative ion mode

observed
m/z

negative ion
mode61

DC9-metabolite
ion pair in
positive ion

mode

signal to noise
change (DC9 vs
negative ion

mode)

myristic acid 227 481 64%
palmitic acid (16:0) 255 509 79%
linoleic acid (18:2) 279 533 101%
oleic acid (18:1) 281 535 88%
stearic acid (18:0) 283 537 115%
eicosapentaenoic acid
(20:5)

301 555 354%

docosahexaenoic acid
(22:6)

327 581 118%

5α-cyprinol 27-sulfate 531 785 7%
phosphatidylserine
(PS 36:1)

788 1042 not detected

phosphatidylserine
(PS 40:6)

834 1088 not detected

phosphatidylinositol
(PI 38:4)

885 1139 not detected

sulfatide (ST 24:0) 890 1144 not detected
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different imaging than the negative mode, thus offering new
information and not redundant information. This phenomenon
is observed strongly in the whole zebra fish body images than in
the rat brain images. Since the tissue slices are serial slices, this
phenomenon is indicative that the DC9 coupling reaction could
be suppressed to a varying degree in different organs. It is
difficult to definitively attribute this effect to matrix suppression
or facilitated reactivity from compounds in organs. This is a
new compound, and its general reactivity is not fully
understood yet. Future reactivity work will help to better
understand this phenomenon. It can be helpful to distinguish
different morphological features such as the case of palmitic
acid (16:0) seen distributed in many organs, such as the gills,
liver, intestinal system, in the negative mode (Figure S4c of the
Supporting Information) and localized to the liver (Figure 5c).

■ CONCLUSION

Reactive DESI-MS with compound DC9 in the positive ion
mode was successful in increasing the signal-to-noise ratio of
certain low mass lipids in the range of m/z 250−350 and of
phosphoethanolamines (PE) m/z 700−800 in rat brain and
zebra fish biological tissues. These DC9-lipid ion pairs have
shown an increase in intensity in comparison to the
conventional DESI-MS analysis of lipids in the negative ion
mode. This method allows the mapping of ions present in the
positive ion mode and ions present in the negative ion mode in
one single spectrum, decreasing imaging time and the amount
of sample required to run an analysis; this can be useful when
there is limited sample, for example biopsy samples. Positive
ion mode images using reactive DESI are different than in the
negative ion mode for the same compound using standard
DESI; this opens the possibility of providing new information
about the sample rather than redundant information when
looking at a complex sample. Reactive DESI-MS using
dicationic compounds can generate targeted ionization

techniques opening new avenues into cancer research, drug
development, and metabolism studies.
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A B S T R A C T

Ambient ionization methods allow for the examination of surfaces in their native conditions at
atmospheric pressure with minimal or no preparation. Spray-based ambient ionization methods such as
desorption electrospray ionization (DESI) and easy ambient sonic-spray ionization (EASI) have been
successfully applied to imaging mass spectrometry. In 2012, a comparative study between DESI and EASI
on spatial resolution and sensitivity was published by Janfelt and Nørgaard (J. Am. Soc. Mass Spectrom.,
23 (2012) 1670–1678). We expand on that work by comparing DESI and EASI techniques for the
assessment of the limit of detection (LOD) of several drugs on a PTFE surface and for the determination of
the spray spot size varying flow rate and solvent composition for imaging purposes. MS/MS imaging was
also done with bothmethods for performance comparison. The results showed that good ion images can
be obtained by both techniques in the MS or MS/MSmode. No significant difference was observed in the
spray spot size produced by DESI and EASI. DESI was found to have similar or higher sensitivity than EASI
depending on the analyte interrogated.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Imaging mass spectrometry (IMS) has established itself as an
efficient tool that measures the analytes of interest and their
spatial distribution by monitoring their mass to charge ratio (m/z)
and spatial position [1]. IMS has been accepted worldwide as an
effective system to detect and identify a broad range of molecules,
due to high sensitivity, high speed of analysis and high chemical
specificity [2,3]. Most mass spectrometry techniques require the
introduction of the sample into vacuum; ambient ionization-based
IMS methods are drawing popularity due to external ionization of
the sample, at atmospheric pressure, outside of the vacuum system
[4]. Ambient ionization methods allow introduction of ions, but
not the entire sample, into mass spectrometer; in addition,
ambient ionization methods require minimal or no sample
pretreatment, facilitating rapid analysis of samples [5]. Among
several developed ambient ionization methods, spray based
techniques such as desorption electrospray ionization (DESI)
and easy ambient sonic-spray ionization (EASI) have a wide
range of applications. DESI has been successfully implemented in
the field of forensics [6–8], imaging [9], metabolomics [10],
pharmaceuticals [10], and polymers [11].

DESI adopts a soft ambient ionization technique leading to
minimal fragmentation. Gas phase ions are produced from the
condensed phase analytes by charged microdroplets. These gas
phase ions are generated via a ‘droplet pick up’ mechanismwhere
initial micron sized droplets wet the surface to be analyzed.
Further collisions at the surface produce progeny droplets
containing the analytes. Finally, gaseous ions are produced from
charged progeny droplets which then undergo desolvation and
proceed to theMS inlet [12]. Lateral spatial resolution, which is the
capability to clearly distinguish between two adjacent spots on the
surface, is typically 200mm. However, the spatial resolution can be
reduced to�40mmunder specific conditions [13,14]. Typical limits
of detection (LOD) have been reported in the range of picograms
(pg) to femtograms (fg)making DESI-MS a sensitivemethod, useful
for trace amount detection [15,16].

In 2006, Eberlin and co-workers introduced desorption sonic
spray ionization (DeSSI) [17], later renamed in 2008 as EASI (easy
ambient sonic spray ionization) [18]. EASI adopts a soft ionization
method based on sonic spray that does not require high voltage or
heating to produce gaseous ions at atmospheric pressure [19]. The
mechanism of ionization involves production of gaseous ions due
to unbalanced charge distribution in the resulting solvent daughter
droplets induced from higher gas flow rates (>3.0 L/min). At sonic
spray gas flow, droplets with less than 100nm undergo fission and
the resulting daughter droplets are charged [19]. These high gas
flow rates are generated from the nebulizing gas pressure,
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generally 2–5 times higher in EASI (around 435psi or 30 bar
nebulizing gas backpressure) than in DESI standard conditions
(around 120psi or 8.2 bar) [17]. The intensity of the ions produced
in a ‘supersonic spray’ strongly depends on gas velocity [19]. EASI
has been successfully applied to quality control and forensics
[7,17,20,21]. It also has been also applied to check for the purity of
biodiesel [22,23].

For IMS purposes one has to take into account not only the
ability to ionize a sample, but also the impact of the technique on
the sample interrogated. EASI at standard conditions is not fully
compatible with IMS because it requires high gas flow rates
(>3.0 L/min) and high solvent flow rates (>20mL/min) in order to
promote the ionization. These conditions cannot be applied
to all kinds of samples, especially biological tissues, because
they damage the sample before it can be entirely mapped.
Experiments can be done under specific conditions using low gas
flow rates (<3.0 L/min) and low flow rates of volatile solvents
(<10mL/min). However, these conditions eliminate the “sonic
spray” effect responsible for the high ionization efficiency.
Indeed, ionization under these conditions was investigated in
2005 by the Cooks group [24].

In 2012, Janfelt and Nørgaard published a comparative study
between DESI and EASI by producing ion images of tissue sections
[25]. In this study, a pixel to pixel comparison was performed as it
can distinguish between signal and noise. It was concluded that
EASI can be as efficient as DESI for imaging and direct analysis of
tissue sections as long as a higher solvent flow rate (10mL/min) is
maintained. Improved EASI signals were observed as long as the
pressure was kept at 10 bar which is approximately 145psi. It was
found that DESI is more sensitive than EASI toward analytes that
are present at low abundance for both rat brain and plant imprints
deriving the fact that there must be a difference in dynamic range
for both DESI and EASI.

With these previous reports in mind, the experiments reported
here were not performed under the standard conditions for either
DESI [24] or EASI [17,21], but rather a single set of conditionswhich
allow a comparison of the results (Table 1). Note that the
classification of the techniques (DESI and EASI) based on the gas
pressure component is not well established. For instance, EASI was
reported using as low as 100psi for nebulizing gas backpressure
[20] and DESI was reported using as high as 170psi gas
backpressure [26]. We chose to compare both techniques at
145psi or �10 bar, a pressure that can achieve effective ionization
in EASI, but still allows imaging experiments without damaging
the sample as reported by Janfelt and Nørgaard [25]. However, we
found that an even lower flow rate (5mL/min) could be used to
avoid smearing effects. Both techniques were further compared
here in terms of the sensitivity (limits of detection), spray spot size
and lateral spatial resolution in order to gauge the capabilities in
terms of imaging performance. Spray spot size is one of the main
components for creating an image with good resolution. Spot
analysis was done by measuring spot size on a water sensitive
paper under various conditions. Limits of detection, on a porous

PTFE surface, of various compounds were recorded to investigate
the ionization and transfer efficiency with both methods. MS/MS
imaging experiments were performed in order to illustrate IMS
applications for forensic analysis. Finally, the coronal sections of rat
brain were analyzed to create ion images allowing us to compare
both the ionization profiles and the image quality. All these results
obtained from new experiments taken together help us further
understand the capabilities of DESI and EASI and to assess the
viability of these techniques for IMS.

2. Experimental

2.1. Materials and reagents

The solvents (HPLC grade) and the compounds used in the limit
of detection experiments: propranolol, testosterone, dobutamine,
verapamil, chloramphenicol, ibuprofen, diazepam, roxithromycin,
and angiotensin, were obtained from Sigma–Aldrich Canada.
Porous PTFE sheets 1.5mm thick with a medium porous size of
7mm were purchased from Berghof (Eningen, Germany).
Microscope slides 26mm�77mm thickness 1mm were pur-
chased from Bionuclear diagnostics Inc. (Toronto, ON, Canada). Rat
brains were purchased from (Rockland Immunochemicals Inc.,
Gilbertsville, PA, USA) and the water sensitive paper, paper that
changes its color when exposed towater, was obtained from TeeJet
Technologies (Harrisburg, Dillsburg, PA). Red pens containing
Rhodamine B and Rhodamine 6G, BIC Company, used in MS/MS
experiments were purchased from a bookstore at York University.

2.2. Sample preparation

2.2.1. Water sensitive paper
Water sensitive paper was cut to working size and was secured

on the moving stage with tape on all sides.

2.2.2. Rat brain
Frozen rat brains were sectioned into 15mm thick coronal

section (12mm�15mm) using a Shandon Cryotome FE (Thermo
Fischer Scientific, Nepean, ON, Canada). These tissue sections were
thaw mounted onto glass slides, stored at –40 �C and brought to
room temperature before analysis.

2.2.3. Limit of detection
Standards of 1mg/mL were prepared in methanol solvent. The

spotting solutions were created from the 1mg/mL standards
using serial dilution to 100, 10, 1, 0.1, and 0.01 ng/mL prepared in a
1:1 ratio of methanol to water solution. The solvent used to spray
was also prepared with methanol to water ratio of 1 to 1.

2.2.4. MS/MS imaging
Two different red pens were used attempt forgery on a piece of

paper. The paper was secured to the running stage with tape and
MS imaging was performed.

Table 1
Standard DESI and EASI conditions versus experimental conditions.

Standard conditions Experimental conditions chosen

DESI
[24]

EASI
[17,18]

DESI EASI

Nebulzing gas back pressure (psi) 50–120 400 140 140
Solvent flow rate (mL/min) 0.5–5 20–25 1.5/5.0a 1.5/5.0a

Spray voltage (kV) 2–5 0 5 0

a Solvent flow rates used in the limits of detection/rat brain experiments.

T.S. Hamid et al. / International Journal of Mass Spectrometry 377 (2015) 736–743 737



3. Instrumentation

All experiments were carried out using an LTQ linear ion trap
mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
with a lab-built DESI ion source.

3.1. Methods

3.1.1. Water sensitive paper
Experiments were performed with solvent flow rates from

0.5mL/min to 4.0mL/min. Methanol to water ratios of 1:1 and 9:1
were used. Nitrogen (N2) gas was varied within 80–140psi while
keeping the flow rate at 2.0mL/min 1:1, methanol:water, solvent
ratio. The geometry conditions were set as: spray angle 52�,
capillary to inlet distance �3mm and capillary to surface �2mm.
DESI conditions used 5kV, while EASI used 0 kV, all other
parameters were kept the same. In order to ensure the absence
of residual charge in the syringe when turning off the voltage and
switching from DESI to EASI, a ground wire was connected to the
syringe metal tip during EASI experiments. The moving stage was
programmed to make five distinct spots; the distance between
each spot was 1mm and the spray was held on each spot for 1 s
before moving to the next. This was followed by making a 10mm
long line while moving the spray continuously and slowly at a
speed of 200mm/s. Each line ended with a final spot sprayed for
10 s before moving on to the next line. After the experiment the
resulting papers were scanned for visual inspection.

3.1.2. Limit of detection (LOD)
Shallow parallel indentation lines were drawn on the porous

material. Volumes of 1mL were pipetted on the line in increasing
concentrations of 0.01, 0.1, 1.0, 10, and 100ng/mL, respectively. The
spots were left to dry for about 20min and analysis was performed
by scanning across the line with a speed of 200mm/s. Distance
optimized under EASI conditions with capillary angle at 52�,
capillary to inlet distance set at �3mm and capillary to surface set
at �2mm. A solvent flow rate of 1.5mL/min of MeOH:H2O mixture
(1:1, v/v) and a nebulizing gas (N2) pressure of 140psi were used.
The limits of detection were established by doing MS/MS on the
parent ion and monitoring the main daughter ion.

3.1.3. MS/MS imaging
Two red pens containing Rhodamine B and Rhodamine 6Gwere

used one a piece of paper, one pen to write a 3 and an F and the
other to convert the 3 to an 8 and the F to a B. The paper was
secured to the moving stage and ion images were obtained. The
flow rate was set at 3mL/min, spray tip to inlet distance 3mm, and
spray tip to surface distance 1mm, solvent was a 1:1 MeOH:H2O
for both DESI and EASI. Voltage was set at 5 kV and pressure at
100psi for DESI, while EASI was done at 140psi and 0kV. Spatial
resolutionwas set at 150mm, and the Automatic Gain Control was
turned off. Experiment ran in MS/MS mode (daughter ion scan)
was used to monitor 443m/z fragments from 200 to 500m/z, with
collision energy of 19 eV.

3.1.4. Rat brain
EASI experiments were conducted in the negative ion mode

using a solvent flow rate of 5.0mL/min of pure methanol and a
nebulizing gas (N2) pressure of 140 psi (�2.3 L/min). The scan
range for the experiment was 150–900m/z, the ion injection
time was 120ms and 3ms were averaged for each pixel in the
image. The spray angle was set at 52�, the capillary to inlet
distance was set at �3mm and the capillary to surface distance
was set at �2mm. The experimental conditions for DESI were
different by keeping the spray voltage at 5.0 kV. While scanning
the rat brain, 50 lines of coronal section (half of the brain) were

analyzed by EASI (0.0 kV) and the other 50 lines were analyzed
by DESI (5.0 kV).

3.2. Imaging

Ion images were obtained using a lab-built software named
ImgCreator that converted the mass spectra files into a format that
is compatible with Biomap (freeware, www.msi.maldi.org).

4. Results and discussion

Several experiments were performed: (i) the water sensitive
paper was used to test the spray impact area; (ii) MS/MS imaging
was performed to investigate IMS applications for forensics;
(iii) imaging of rat brain slices to compare ion images and profiles
obtained with or without high voltage; and finally (iv) with limits
of detection on porous PTFE were compared.

4.1. Water sensitive paper

The experiment with water sensitive paper was performed to
compare the size of the spray impact spots produced by both DESI
and EASI. In Fig. 1, the spot areas are produced on water sensitive
paper with two different methanol and water solvent mixtures.
DESI and EASI lines were alternately created. In Fig. 1A the spots
were made with methanol and water at a ratio of 9:1 and 1:1, and
the solvent flow rate was varied from 0.5mL to 4.0mL/min. In
Fig. 1B the lines were generated from a 1:1 solvent mixture at a
constant flow rate of 2.0mL/min and the nebulizing gas (N2)
pressure was varied from 80 to 140psi.

As the solvent flow rate increases, the size of spots also
increaseswhich is evident from Fig.1. Analysis of the spot shape on
panel (A) reveals that shape can be controlled by the solvent
composition. Methanol evaporates faster than water; as a result
this is why with higher concentration of water in the solvent
mixture, solvent impact spots tend to smear. Solvent spots onpanel
(B) in Fig. 1, made with varying gas pressure, are comparatively
similar and almost indistinguishable, indicating that pressure is
not as significant as the solvent composition and the flow rate. The
size and shape of the solvent spots obtained for both DESI and EASI
under the various conditions look similar. An absence of high
voltage results in a lower number of charged microdroplets,
however, this does not significantly affect the size of the spot. Even
without high voltage, high gas velocity leads to an unbalanced
distribution of charges in the solvent droplets resulting in
generation of gaseous ions. Therefore, imaging lateral spatial
resolution stays the same in both DESI and EASI under these
experimental conditions. The major factors contributing to the
shape of the spots are the composition of solvents and flow rate,
with a small contribution by the gas pressure. If the voltage does
contribute to a different spray impact distribution, the effect of the
gas seems to make the voltage effect negligible under these
operating parameters. Based on these results a low solvent flow
rate andmedium gas pressure could be used for the imaging of the
rat brain and the LOD experiments. However, stable signals could
not be obtained by EASI using less than 5.0mL/min and, in order to
reach this flow rate without smearing the sample, pure methanol
was used. The pressurewas 140psiwhich is the upper limit ofwhat
our setup can handle in order to allow an efficient ionization in
EASI to ensure a balanced comparison.

4.2. Rat brain

Ion images of rat brain (Fig. 2) were obtained using both DESI
and EASI on the same sample by mapping the spatial distribution
of phospholipids which are PE(16:0/22:6) at m/z 746.6,
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[(Fig._2)TD$FIG]

Fig. 2. Images of selected lipid ions froma 15microns coronal section of rat brain tissue. Half the coronal section (50 lines) is scanned byDESI-MS and the other half is scanned
by EASI-MS. Both scans are recorded in the full scan, negative ion mode.

[(Fig._1)TD$FIG]

Fig. 1. Spots and lines produced by DESI (D) and EASI (E) obtained onwater sensitive paper using methanol and water at 9:1 and 1:1 ratios. Panel (A) shows spots madewith
varying solvent flow rates of 0.5mL/min,1.0mL/min, 2.0mL/min, and 4.0mL/min using both solventmixtures proportions. Panel (B) shows spotsmadewith varying nebulizing
gas (N2) pressures of 80psi, 100psi, and 140psi using methanol and water (1:1) at 2.0mL/min flow rate.
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PS(16:0/18:1) at m/z 760.6, plasmenyl-PE(18:0/22:6) at m/z 774.6,
PS(18:0/18:1) at m/z 788.6, PE(18:0/22:6) at m/z 790.6,
PS(18:0/22:6) at m/z 834.6, ST(22:0) at m/z 863.0, ST(24:1) at
m/z 888.7, ST(h24:0) at m/z 906.7 and fatty acids which are oleic
acid (18:1) at m/z 281.5 and arachidonic acid (20:4) at m/z 303.4
[27]. The mass spectra obtained for gray and white matter contain
similar ions except for few of them (Fig. 3A and C).

The white matter (Fig. 3C) contains ions at m/z 862.7, m/z
888.7 which the gray matter (Fig. 3A) does not contain. This
indicates that the white matter of the brain has various forms of
sulfatides (ST) which the gray matter does not. The white matter
and the gray matter also vary in terms of the relative intensities of
ions. For instance, the gray matter contains peaks atm/z 281.5 and
m/z 303.5 that have higher intensities compared to the intensities
of the corresponding peaks in white matter. When the mass
spectra derived by EASI and DESI-MS are compared, both of them
appear to contain similar ions (Fig. 3A and C). Therefore, both DESI
and EASI have similar chemical specificity, as both techniques can
detect the same type of ions. Both techniques displayed stable
signals for phospholipids as well as fatty acids. The only difference
lies in the absolute intensity of the ions. The absolute intensity for
the ions that are present at both high and low abundance seems to
be higher for DESI than EASI. In gray matter (Fig. 3A), the absolute
intensity of the peak at m/z 834.6 for in the DESI spectrum is
higher than the absolute intensity of the corresponding peak for
EASI spectrum. The higher voltage in DESI-MS is the key to
generating a greater number of charged microdroplets containing
analyte ions resulting in such higher spectral intensities. Similarly,

in white matter (Fig. 3C), the absolute intensity of the peak at m/z
281.5 in the DESI spectrum is higher than the absolute intensity of
the corresponding peak with EASI. These results also indicate that
DESI is a more sensitive technique than EASI as it consistently
produces stable signals with higher intensity. In terms of spatial
resolution the two methods are indistinguishable under these
conditions. This fact, taken together with the data from the water
sensitive paper, seems to suggest that not only the spot size but the
effective ionization area seem to be similar for both DESI and EASI
experimental conditions.

4.3. Limits of detection on porous PTFE

Limits of detection were investigated on a porous PTFE surface
by pipetting the analyte onto the surface in increasing concen-
trations. This allowed a controlled and reproducible method for
determining the lowest concentration detectable under both DESI
and EASI parameters. The porous PTFE surface is highly non-polar;
this was both a benefit and a challenge. An advantage of using this
surface is its ability to concentrate a polar sample onto a small area.
A polar solvent, such as water, tends to slide off the surface and not
adhere to the surface. Mixing water with methanol improves
adherence. Spotting without using guide lines or marks on the
surface have led to blank signals along the line. To avoid this issue a
shallow linewas drawn into surface, this served as both a guide line
to ensure all droplets were aligned, but also to facilitate the
transfer from the pipette tip to the surface by providing more
contact surface between the droplet and the porous material.

[(Fig._3)TD$FIG]

Fig. 3. The averaged mass spectra (A) obtained through EASI (top part) and DESI-MS (bottom part) demonstrate distribution of fatty acids and phospholipids at m/z 281.5,
oleic acid (18:1);m/z 303.4, arachidonic acid (20:4);m/z 788.5, PS (18:0/18:1);m/z 834.6, ST (22:0);m/z 885.6, PI (38:4); andm/z 906.7, ST (h24:0) in graymatter of rat brain.
The averagedmass spectra (C) demonstrate distribution of all the fatty acids and phospholipids mentioned above inwhitematter of rat brain. All four spectra are obtained in
the negative ionmode. (B) Represents the DESI-MS and EASI-MS ion image showing the distribution of ST (22:0). (D) Represents the DESI-MS and EASI-MS ion image showing
the distribution of PS (18:0/18:1).
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The parent ions of the compounds were selected and the
daughter ions were monitored across a line in increasing
concentrations using selected reaction monitoring SRM. The limits
of detections were reported for consistent detections at the lowest
concentration of at least three separate replicates.

The limits of detection for selected compounds reveal a trend.
When voltage is applied, it can increase the limits by one order of
magnitude. In Fig. 4, the total ion count is 3.20E4 for DESI and
2.85E2 for EASI. Except for dobutamine and ibuprofen, which had
similar values for the lowest concentration detected (Table 2), all
other compounds showed detection at a lower concentrationwhen
voltage was applied.

4.4. MS/MS imaging

The capabilities of DESI and EASI to perform MS/MS images
were compared. This is important in order to distinguish isobaric
species and for analysis of forged documents and other forensic
applications. Fig. 5 shows an example of the use of red inks where

“3 F” handmade characters were converted to “8 B” characters by
using a different red ink. Both contain the red ink pigment
rhodamine with a mass of 443 but one is rhodamine B and the
other is rhodamine 6G. These two isobaric compounds fragment
distinctively. Rhodamine B produces a fragment at m/z 399 from a
neutral loss of CO2 and Rhodamine 6G produces a fragment at m/z
415 from a neutral loss of ethylene.

Fig. 5 (e) and (f) illustrate how easy it is to distinguish between
the two pens by mapping the fragments and the overlap of the
fragments.

Both DESI and EASI work very well with our particular
compound of interest. This is a charged compound so desorption
part of the mechanism becomes important. For DESI the MS/MS
imagewas taken at 100psi with 5 kV voltage while EASI was taken
at 140psi with no voltage. The signal intensity is higher for EASI in
this case showing that desorption at higher pressure would
outweigh desorption with a charged solvent after a particular
point. To note maximum pressure able to use on a surface greatly
depends on the type of sample being used, toomuch and smearing

Table 2
Limits of detection of selected compounds using both methods on a porous PTFE surface.

Lowest concentration detected
(ng/mL)

Compound Polarity Collision energy Precursor!product
(m/z)

DESI EASI

Propranolol + 27 260.2 [M+H]+!183.2 0.1 1
Testosterone + 20 289.3 [M+H]+!253.2 10 100
Dobutamine + 25 302.3 [M+H]+!137.2 10 10
Verapamil + 23 454.4 [M+H]+!303.3 0.01 0.1
Chloramphenicol � 27 321.0 [M�H]�!257.0 0.01 0.1
Ibuprofen � 20 205.2 [M�H]�!161.2 1 1
Diazepam + 30 285.3 [M+H]+!257.1 0.1 1
Roxithromycin + 20 837.7 [M+H]+!679.2 0.01 0.1
Angiotensin + 20 523.8 [M+H]+2!784.4 1 10

[(Fig._4)TD$FIG]

Fig. 4. Typical scan of a line with spots of concentrations from 0.01 to 100ng/spot. The example above is a scan of verapamil drug takenwith EASI conditions on the left and
DESI conditions on the right on an absolute intensities scale versus time.
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can occur creating smudged images, thus making imaging
impossible.

5. Conclusion

New experiments were performed in order to further
interrogate the viability of IMS by DESI and EASI. The water
sensitive paper demonstrated no significant difference in spray
spot size onto a sample when varying the voltage, which indicates
that both techniques have similar solvent spray distribution. The
spatial resolution of both techniques is similar, thus we can also
conclude that EASI has a similar area of ionization as the DESI
experiments. The voltage has virtually no impact on the solvent
spray cone distribution, while it may result in different solvent
particle sizes, it does not affect the overall area solvent spot or
ionization area ionization. Both methods, under high flow rate
conditions, showed signs of smearing the surface even with an
increase in pressure; therefore, solvents with high volatile
composition and low flow rates are desired for imaging purposes.
The water sensitive paper experiments revealed that increasing
pressure can reduce droplet spread, but not to a significant degree.
In imaging experiments high flow rate is undesirable, because it
tends to lead to smearing and a larger spray spot area, these results
in low quality images with ambiguous ion distribution. EASI had
comparable results with DESI even with a low flow rate which
indicates it can be practical for IMS use.

In the limits of detection experiment when no voltage was
applied the detection was in some cases the same or an order of
magnitude worse than DESI. Similar was the scan of the lipids in
the brain tissue which revealed a mirror image in terms of what
compounds can be detected with both methods, with a slight drop
in overall signal intensity when no voltage was applied. While the
ion count is lower in EASI than DESI, both techniques result in
similar spatial resolution, both can be used in MS/MS imaging, and
both have the same sample specificity, hence both can be used to
create ion images. Considering that except for the presence or
absence of high-voltage, the analyses were performed under the
same experimental conditions (gas pressure, solvent composition,
and flow rate), more investigation is necessary to explain the
difference in the signal intensity based on phisicochemical
properties of the analytes and solvents (proton affinity, solubility,

pKa, etc.) and therefore to predict when EASI can be used for IMS
without any detrimental effect in terms of sensitivity.
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