
Western Michigan University Western Michigan University 

ScholarWorks at WMU ScholarWorks at WMU 

Dissertations Graduate College 

6-2019 

Improving Protein Analysis by Desorption Electrospray Ionization Improving Protein Analysis by Desorption Electrospray Ionization 

(DESI-MS) (DESI-MS) 

Elahe Honarvar 
Western Michigan University, elahehonarvar@gmail.com 

Follow this and additional works at: https:/ /scholar works.wmich.edu/disser tations 

 Part of the Chemistry Commons 

Recommended Citation Recommended Citation 
Honarvar, Elahe, "Improving Protein Analysis by Desorption Electrospray Ionization (DESI-MS)" (2019). 
Dissertations . 3464. 
https:/ /scholar works.wmich.edu/disser tations/3464 

This Dissertation-Open Access is brought to you for free 
and open access by the Graduate College at 
ScholarWorks at WMU. It has been accepted for inclusion 
in Dissertations by an authorized administrator of 
ScholarWorks at WMU. For more information, please 
contact wmu-scholarworks@wmich.edu. 



IMPROVING PROTEIN ANALYSIS BY DESORPTION ELECTROSPRAY IONIZATION 

(DESI-MS) 

by 

Elahe Honarvar 

A dissertation submitted to the Graduate College  
in partial fulfillment of the requirements 
 for the degree of Doctor of Philosophy 

Chemistry 
Western Michigan University 

June 2019 

Doctoral Committee: 

Andre Venter, Ph.D., Chair 
David Huffman, Ph.D. 
Ekkehard Sinn, Ph.D. 
Karim Essani. Ph.D. 



Copyright by  
Elahe Honarvar 

2019 



ii 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank God Almighty for giving me the strength, ability 

and opportunity to undertake this research study and to persevere and complete it. Without his 

blessings, this achievement would not have been possible. 

I wish to express my sincere gratitude to my advisor, Dr. Andre Venter, for his invaluable 

guidance and support throughout my Ph.D. program. For not only teaching me many things 

about Mass Spectrometry but also how to think bigger, go beyond my expectations and search 

for answers in the unlikely places. 

I am also thankful to my doctoral committee members, Dr. David Huffman, Dr. Ekkehard 

Sinn and Dr. Karim Essani, for their continuous help and sincere feedback in spite of their busy 

schedule and other responsibilities. 

I owe a big thank you to the Chemistry faculty and staff that were always eager to help 

me without hesitation. I would like to thank the department Chair, Dr. William Rantz and the 

Graduate Advisor, Dr. Ramakrishna Guda for their guidance and support. Special thanks to 

Pamela McCartney, Robin Lenkart, Michelle McBarnes, Lisa Crall and Tami Yonkers for 

patiently assisting me and having their office doors open all the time. Dr. Kevin Blair and Sean 

Bashaw who have always been there to help me with instrumentations and designing 

experiments. 

My amazing lab mates, Tara and Roshan, whom their collaboration and friendship during 

these years made my research experience much more enjoyable and fun. I wish you the best of 

luck in your studies. 



iii 

Acknowledgments—Continued 

Also, I would like to thank my former lab mates, Kevin, Gregg, Wisam and Sepideh. I 

wish you all the success in your careers. 

And last but not the least; I would like to give my most heart-felt appreciation to my family. My 

best friend and wonderful husband, Hady, whose continuous encouragement was my biggest 

motivation. Thank you for always believing in me and telling me so. Thank you for dedicating 

all your time and energy to me and our children so I could finish writing my dissertation. I would 

like to express my deepest gratitude to my dear parents, Shahnaz and Mohammad, for loving and 

encouraging me every step of the way. Although you weren’t with me for most of the time 

during these years, you still made sure every day that things were going well for me and my 

research. I want to thank my mother-in-law, Soodabeh, for all the support and love she has 

offered me and for always being there for me in the time of need. And the warmest thank you to 

my daughter, Melika, and my son, Taha, for always putting the biggest smile on my face even on 

my most exhausting days. You two are the best things that ever happened to me. 

Elahe Honarvar 



IMPROVING PROTEIN ANALYSIS BY DESORPTION ELECTROSPRAY IONIZATION 

MASS SPECTROMETRY (DESI-MS) 

Elahe Honarvar, Ph.D. 

Western Michigan University, 2019 

Electrospray ionization mass spectrometry (ESI-MS) is one of the most well-known and 

versatile techniques for analyzing a broad range of molecules and it has become one of the 

leading techniques to study biomolecules, such as proteins. ESI-MS can accurately determine the 

molecular weight of proteins and provide information about their peptide sequence, post-

translational modifications as well as their interaction with other molecules. 

During ESI-MS analysis, by spraying a sample of proteins, prepared in form of a 

solution, charged droplets are produced using an electric field. As the solvent molecules 

gradually evaporate from these droplets, freely hovering bare protein ions remain. The ions are 

then sampled into the mass spectrometer where they are separated and detected based on their 

mass to charge (m/z) ratios. 

In the recent years, a new extension of ESI-MS has been developed that allows analysis 

of molecules from their immediate surroundings. The technique is called desorption electrospray 

ionization (DESI-MS). In DESI-MS the sample preparation steps take place in close proximity to 

ionization step. Such features also provide the advantage of surface analysis and imaging to 

study spatial distribution of molecules. 



While DESI shares the ionization mechanism of ESI-MS, it lacks its ability to analyze 

large biopolymers, and struggles to analyze proteins larger than 25kDa. 

Previously our research group suggested that the loss in protein signal intensity was not 

due to problems with physical desorption or ionization, but rather due to incomplete protein 

dissolution during the desorption step. 

The studies conducted in this dissertation address this shortcoming by improving protein 

dissolution during DESI-MS. Effect of addition of volatile ammonium salts during DESI is 

studied, among which ammonium bicarbonate shows significant improvement in signal to noise 

(S/N) ratio of proteins, specifically those with higher isoelectric points (pI). The improved S/N 

ratio seems to be caused by extensive removal of potassium from the protein ions. While these 

additives lead to improvements in the performance of DESI, their addition does not cause the 

same effect in ESI. The different effects of these additives in DESI and ESI are studied in terms 

of proteins signal intensity, S/N ratio as well as charge state distribution. 

The effect of addition of the amino acid of serine to the electrospray solvent of DESI is 

investigated. For proteins with different molecular weights and pI values, serine shows 

promising improvements in the signal intensity. 

Application of vaporized organic reagents in the nebulizing gas flow of the electrospray 

solvent of DESI is described. To add these vapors, DESI sprayer is enclosed and the vapor is 

delivered to the inner environment of the enclosure. By adding the vapor of ethyl acetate during 

DESI analysis of proteins, the attained signal intensity is increased. 

Such improvements can potentially be combined during a single analysis to further better 

the outcome of protein analysis by DESI-MS. 
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CHAPTER I 

INTRODUCTION 

1.1 Foreword 

Desorption electrospray ionization mass spectrometry (DESI-MS) is a quite recent mass 

spectrometry technique that can analyze molecules from their immediate surroundings, without 

requiring complex processes of sample preparation and in their native form. DESI-MS produces 

spectra that are similar to the ones produced by ESI-MS. The technique can be used to obtain the 

spatial distribution of analytes on a surface. Nevertheless, the advantages of using DESI are 

bounded to smaller molecules. DESI faces a severe struggle for the analysis of larger 

biomolecules, such as proteins. My Ph.D. research was mostly dedicated to improving DESI for 

detection of proteins. The data presented in this dissertation were all collected during my time as 

a PhD student in Dr. Venter’s research laboratory and under his guidance. The major part of the 

experimental chapters has already been published in well-known peer reviewed journals such as 

Journal for the American Society for Mass Spectrometry (JASMS) and the American Chemical 

Society journal, Analytical Chemistry. 

1.2 A brief history of protein analysis by ESI-MS and DESI-MS 

Mass spectrometry has become a powerful analytical technique, finding applications in both 

quantitative and qualitative analysis. Sample molecules are vaporized and ionized to form gas-

phase ions. The ions are separated based on their mass to charge ratios inside the mass 

spectrometer.  

The first mass spectrometer was built during the early years of the 20
th

 century when they could

only be utilized for analyzing small gaseous organic molecules. Over the following decades, 
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through development of soft ionization techniques such as electrospray ionization and MALDI 

the analysis of large, non-volatile molecules by mass spectrometry became achievable
1
. In the 

late 1980s, in a groundbreaking work, John Fenn and coworkers employed ESI to analyze intact 

multiply charged proteins by mass spectrometry for the first time
2
. Mass spectrometry of proteins 

made possible the new era of proteomics and played a phenomenal role in the rapid evolution of 

the field. 

Electrospray ionization mass spectrometry (ESI-MS) can give rapid and accurate protein 

analysis. The analysis results in a multiply charged protein envelope consisting of different 

charge states of the same protein which is a favorable fact about this technique when working 

with mass analyzers with limited mass range. Typically, for ESI-MS analysis of proteins, the 

sample undergoes extraction, purification and chromatographic separation to yield a mass 

spectrometry-ready analyte. Then the sample, which now is in solution form, is introduced to the 

mass spectrometer by being electrosprayed toward the mass spectrometer inlet. A new extension 

of ESI-MS, allows the sample preparation to be done during the process of analysis
3
. An intact 

sample surface on a 3-D translational stage, with sample either native to the surface or deposited, 

is electrosprayed with a pneumatically assisted solvent. The charge bearing droplets are directed 

at the surface where the sample is readily accessible under ambient condition. Upon the 

incidence of the droplets, the analyte molecules on the sample surface are solubilized, desorbed 

and ionized. Finally the gas phase ions of the analyte are formed and transferred into the high 

vacuum region of the mass spectrometer where they are separated by their mass to charge ratios. 

This technique is called desorption electrospray ionization mass spectrometry (DESI-MS) which 

some believe to be the first ambient ionization technique when introduced by Cooks et al. in 

2004
4
. 
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 DESI-MS soon found widespread applications in biology
5-7

, forensics
8
 and pharmaceuticals

9,10
. 

In these cases, DESI provides good sensitivity for detecting analytes of interest which are usually 

molecules with relatively low molecular weight. However, for detection of large biomolecules 

such as proteins, DESI suffers from a mass dependent loss of sensitivity
8,11

. Previously, during a 

study by Douglass and Venter, which broke down DESI into desorption and ionization steps, it 

was shown that this shortcoming of DESI for analysis of proteins is caused by insufficient 

dissolution of sample during the millisecond timescale of the analysis
12

. The incomplete 

dissolution of proteins retains the non-specific interactions of protein-protein and protein-adducts 

which unfavorably causes distribution of signal over different forms of protein leading to lower 

sensitivity. This limitation becomes more severe for protein with molecular masses above 

25kDa
11

. Considering that the average molecular weight of proteins across the kingdom of life is 

calculated to be 30-40kDa and that these proteins have an average pI of 6-7
13

 this severely limits 

the scope of DESI, despite its potential valuable ability to analyze proteins under ambient 

conditions from surfaces. Improving DESI for proteins analysis brings the possibility of using 

this technique in different fields for accurate qualitative and quantitative analysis closer to 

reality. One remarkable possibility through DESI can be performing imaging of proteins on 

surfaces where spatial distribution of proteins throughout the sample can be studied. This was 

recently demonstrated
14

 but alas, only small proteins could be detected, the largest being 

hemoglobin at 16kDa.  

 The main objective of my PhD research was to make state-of-the-art DESI practical for larger 

proteins and get it closer to the point where it can be utilized for imaging of proteins. In the 

following chapters, different approaches employed for improving DESI for protein analysis were 
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studied. These approaches may also be combined in future works to reach higher levels of 

improvement. 

1.3 Preview of dissertation chapters 

The following chapter, Chapter 2, contains detailed and thorough background information about 

DESI-MS and its mechanism. Chapter 3 shows optimization of depositing and spray solvents for 

protein analysis by DESI. Chapter 4 looks into the effect of ammonium bicarbonate as the 

depositing solvent as well as spray solvent additive to improve DESI-MS of proteins and 

peptides. The effect of ammonium bicarbonate was studied in comparison to the commonly used 

additive, formic acid. To better understand the mechanism for improved analysis of high pI 

proteins with the addition of ammonium bicarbonate in Chapter 5 I investigated different 

ammonium salts and their related weak acids, and compared their behavior in DESI to their 

behavior in ESI. Proteins with different physical properties showed dissimilar behavior in the 

two modalities. The investigation of useful additives for DESI of proteins goes beyond using 

salts and acid in Chapter 6 where the amino acid of serine is employed as a spray solvent 

additive to study its effectiveness on DESI of proteins. Serine was successful in improving DESI 

analysis for proteins with different molecular weights and pI values. Chapter 7 introduces a new 

method for using organic vapors in the nebulizing gas flow to possibly remove adducts and 

increase sensitivity of DESI. The chapter shows promising preliminary result for some of the 

vapors. This chapter is the latest and last experimental work done during my research. Finally, 

the observations made in Chapters 3 to 7 are concluded in Chapter 8 along with recommendation 

for the future work. 
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CHAPTER II 

DESORPTION ELECTROSPRAY IONIZATION: APPLICATIONS, MECHANISM 

AND LIMITATIONS 

 

2.1. Mass spectrometry for intact protein analysis  

Mass spectrometry (MS) is an invaluable tool for precise detection and quantification of 

compounds. Molecules in a sample are turned into ions before detection by a mass spectrometer, 

where they are separated by their mass to charge (m/z) ratios. In the past four decades, through 

the use of electrospray ionization (ESI)
1
 and matrix-assisted laser desorption ionization 

(MALDI)
2
, it has become possible to analyze large biomolecules such as proteins by mass 

spectrometry
3
 

In ESI, ions are formed by nebulizing solution exposed to high electric fields
4
. Since polar 

molecules can undergo such ionization mechanism, ESI becomes available for analyzing a broad 

range of compounds. With the invention of ESI, it was made easier to detect macromolecules 

such as proteins by mass spectrometry. This ability of mass spectrometry, developed by John 

Fenn
1,5-8

, has revolutionized the field of proteomics and brought its inventor the Noble prize of 

chemistry in 2002. In MALDI, exposure of the matrix-embedded sample analyte to the laser 

pulse produces the gas phase ions
9
. Both ESI and MALDI have a soft ionization nature meaning 

that the molecule and its noncovalent interactions are not prone to fragmentation during analysis. 

Macromolecules such as proteins with numerous basic and acidic sites can be multiply charged 

by ESI-MS
6
. The multiply charged species allows detection at lower mass to charge ratios. This 

is useful because it makes ESI more compatible with mass analyzers that have limited m/z 

ranges
10

 as compared to MALDI which typically yields singly charged ions
4
 and needs mass 
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analyzers that can scan much higher m/z values. The multiply charged proteins can provide 

higher sequence coverage and the feasibility of top-down proteomics
11

. Also at higher charge

states of protein, unfavorable adductions are usually lessened
12

.

2.1.1. Multiple charging of proteins by ESI-MS 

The mass spectrum of proteins when analyzed by ESI usually consists of an “envelope” of 

different charge states of the same protein (Figure 2.1). If a protein is native or folded, its 

spectrum shows lower charge states than an unfolded protein, and consequently appear at higher 

mass to charge ratios values on the mass spectrum. It is believed that unfolded proteins bear 

more charges compared to the globular native proteins due to higher accessibility of their basic 

and acidic sites
13,14

. Each of the charge states, within the same envelope, indicates a different

degree of protein adduction. In positive mode, protonation (M+nH)
 n+

 is the most common and

simplest form of adduction. The multiple charge states of protein can be used to confidently 

calculate the molecular mass of the protein by using a deconvolution algorithm 
7
. The molecular

mass of a multiply charged protein can be calculated by knowing the m/z value of two adjacent 

charge states in the mass spectrum. 

P1 (m/z)=(M+z1)/z1 

P2 (m/z)=(M+(z1+1))/(z1+1) 

Where P1 is the protein peak that carries z1 charges and P2 is the adjacent protein peak toward 

lower m/z values with +1 more charge than P1. M is the molecular mass of the parent protein. 

This equation is applicable to proton-adducted proteins. Other types of positively and negatively 
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charged species are also common during ESI-MS analysis of proteins such as different alkali 

metal ions or ammonium in positive ion mode 
15

 and halogen ions in negative ion mode
16

. For

these types of charged species added to protein, similar equations to the one above can be 

derived where the molecular mass of proton (1 amu) is replaced with those of other charged 

species. 

Figure 2.1 Example of protein multiple charging in mass spectrum of α-cytochrome c analyzed 

by ESI-MS. The highest observed charge state (HOCS), highest intensity charge state (HICS) 

and lowest intensity charge state (LOCS) are indicated on the protein envelope.

In a multiply charged protein spectrum like the one in Figure 2.1, as we move from peaks on the 

right to the left of the envelope, the charge state of the protein increases. The charge state 

distribution (CSD) is dependent on the protein conformation
13

. Each of the charge states shows

the relative abundance of a certain adducted form of the protein. The charge state to the far right 

of the envelope is known as the Lowest Observed Charge State or “LOCS” which indicates the 

lowest number of charges on the protein molecule. The charge state to the far left of the envelope 
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is known as the Highest Observed Charge State or “HOCS” which indicates the maximum 

number of charges that the protein molecule bears
17,18

. The peak of the envelope where a charge

state shows the maximum height in signal intensity is known as the Highest Intensity Charge 

State or “HICS”
19

. The CSD of a protein and the state of its LOCS, HICS and HOCS can provide

information about its conformation
17

.

2.1.2 Ionization mechanisms during ESI-MS 

Different types of analytes are said to ionize through different processes. It is generally accepted 

that ionization of small molecules follow the ion evaporation model (IEM)
20 

and ionization of

larger molecules such as globular proteins follow the charged residue model (CRM)
21

.

Figure 2.2. Different ionization mechanisms (a) IEM: Small ion ejection from a charged 

nanodroplet. (b) CRM: Release of a globular protein into the gas phase. (c) CEM: Ejection of an 

unfolded protein. Charge equilibration in panel c is indicated by red arrows. (Reprinted from 

Konermann et al. Anal. Chem. 84, 6798-6804, Copyright (2012), American Chemical Society)
25

.
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More recent work suggested a different model where unfolded protein molecules are ionized by 

the so called chain ejection mechanism (CEM) 
22

 (Figure 2.2). In IEM, it is hypothesized that the

electric fields emanating from the electrosprayed droplet are strong enough to eject the solvated 

analyte ion from the surface of the droplet
20

. In CRM, the electrosprayed droplet which carries

only one single large analyte ion completely dries out of the solvent, leaving the charges from 

the final droplet on the analyte ion
23,24

. CEM shares some common features with IEM. In CEM,

due to the increase in hydrophobicity of the protein upon unfolding, it becomes unfavorable for 

the protein to remain within the droplet hence migration to the surface occurs which is followed 

by sequential ejection of the whole molecule
22

.

2.2 Introduction to ambient Ionization techniques 

Over the past 15 years, a new field of mass spectrometry techniques has emerged that strives to 

minimize the sample preparation steps typically required by conventional mass spectrometric 

methods such as ESI-MS or MALDI-MS. These newer techniques altogether are known as 

“ambient ionization” techniques where samples are analyzed in their immediate surrounding and 

open atmosphere
26

. Ambient techniques represent novel application of sample processing which

take place in real time and proximal to ionization, while ionization mostly takes place through 

well-known processes
27

. Traditionally, it was said that ambient techniques require “no sample

preparation” 
28-30

. However, the novelty of ambient ionization arises from coupling the sample

preparation step with sample ionization in time and proximity
27,31

. By definition, sample

preparation is not eliminated but has been shifted from before ionization to simultaneously 

during ionization. 
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Some of the popular ambient ionization techniques that have been developed up to now are 

shown in Figure 2.3. These techniques are grouped into different forms of sample processing 

(outer skin, green) and physical processes (center brown). The font color used for each technique 

also indicates its ionization mechanism. 

Figure 2.3. Summary of the major classes of ambient ionization methods based on traditional 

groupings (green), examples of methods (shades of pink), and the various sample processing 

methods (black). The mechanism of ionization is indicated by the font color for each listed 

example. Black indicates ESI, blue APCI, and white ambient sample processing without 

ionization. (Reprinted with permission from Venter, Douglass et al. Anal. Chem., 86, 233–249. 

Copyright (2014) American Chemical Society)
27

.

Formation of ions in ambient ionization techniques commonly follows one of these two methods: 

atmospheric pressure chemical ionization (APCI), represented with blue font and electrospray 

ionization (ESI), represented with black font. The white font indicates special cases where 
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sample processing is not followed by an ionization process but the unique sample processing of 

an ambient method is used only for sample collection. 

2.3. Desorption electrospray ionization mass spectrometry (DESI-MS) 

Among the ambient ionization methods developed to date, desorption electrospray ionization has 

been one of the most widely-used methods. This method was first introduced by Professor 

Graham Cooks et al in 2004
28

 and later commercialized by Prosolia, Inc. Since the introduction

of DESI it has become a popular ambient method of analysis that provides high sensitivity and 

instant spectrum
32

. The success of DESI is in part due to the fact that building a DESI source can

be easily done in the lab with relatively low cost and also because of the ability that during 

DESI, the solvent can be optimized for analyzing different compounds both by choice of the 

solvent or by adding reagents that can enhance the ionization of the analyte
33-35

. The

development of such reagents also forms a large part of this dissertation, as discussed later. 

2.3.1. Sample processing during desorption electrospray ionization 

The sample processing in DESI starts with spraying an electrically charged solvent at the sample 

on the surface which is then followed by sample removal from surface and formation of ions and 

eventual introduction into the mass spectrometer
32

.

Usually sample processing during DESI is broken down into 5 steps as described below; 

1) Generating a pneumatically-assisted electrospray plume directed at the sample (primary

droplets)
36,37

2) Creation of a thin micro-localized liquid film on the surface
38-41

3) Dissolution/extraction of the analyte into the liquid film
36,42,43
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4) Desorption of analyte containing droplets (secondary droplets) by momentum transfer

between the pneumatically accelerated primary droplets and the liquid film
26,32,37,39,41

5) Formation of gas-phase ions from charged secondary droplets through a process similar

to ESI
39

Figure 2.4. Schematic diagram of a desorption electrospray ionization (DESI) source. 

Electrospray solvent is sprayed from a fused-silica capillary coaxial with the sheath gas capillary 

that pneumatically directs the solvent to the surface of the sample. Sample is dissolved into the 

charged solvent and then liberated from the surface towards the mass spectrometer inlet. This 

process is followed by subsequent ionization.   

At this point and until the sample makes it in to the mass spectrometer the size of the droplets 

shrink upon solvent evaporation. Free ions can form through different electrospray ionization 

mechanisms such as IEM, CRM and CEM as described earlier in the chapter. These steps of 

sample processing will be discussed in detail later in this chapter. 
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2.3.2. Construction of desorption electrospray ionization source 

A schematic diagram of a DESI source is shown in Figure 2.4. An electrospray emitter passes 

through the gas capillary which is a wider capillary and coaxial to the electrospray emitter. The 

relative position of the electrospray emitter inside the gas capillary was reported to have 

significant effect on the performance and reproducibility of the DESI experiment
44

.

The surface contains the analyte of interest and it can be either natural, like biological tissues, or 

synthetic, for when the sample needs to be deposited on to the surface. Synthetic surfaces can be 

from a wide range of non-conductive materials such as glass or paper and most commonly 

polymer surfaces like PTFE
32

. The wettability of the surface has a major effect on charge transfer

and droplet behavior during DESI
45

.

2.3.3. Application fields of desorption electrospray ionization 

Application of DESI has been reported for a broad range of samples such as bacteria
46-49

,

pharmaceutical compounds
50-57

, drugs of abuse
58,59

, explosive and chemical warfare agents
60-64

,

in-plant material
65-70

, forensic samples
32,71,72

, separated compounds on chromatography plates
73-

76
, lipids profiling in biological tissues

77-87
, peptides

88-90 
and less frequently for proteins

42,91
.

Although DESI is mostly used in analysis of smaller molecules, a few studies have reported its 

application for the analysis of proteins
42,91-93

. There hasn’t been any description of intact protein

analysis from tissues until very recently and then only for smaller proteins 
94-97

.

Using DESI to study proteins can offer benefits, including in situ analysis of proteins while the 

resulting spectrum resembles ESI in terms of ionization and yielding multiple charge states of 

protein
26

 which delivers advantages such as higher resolution of peaks at lower m/z values,

increased sequence coverage, and others as described earlier. Proteins and their complexes 
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embedded in biological tissues can be studied by DESI in terms of their post translational 

modification and their different isoforms
98

 along with the ability to provide the spatial

distribution of protein throughout the surface. However the use of DESI analysis for intact 

proteins is limited by a mass dependent loss in sensitivity of the method
91

.

2.3.4 The mass dependent loss in sensitivity during DESI analysis of proteins 

As the molecular mass of the protein increases, the limit of detection also increases
42

(Figure 2.5).

Figure 2.5. Logarithmic plot of protein DESI-MS detection limit versus molecular mass. 

(Reprinted with permission from Douglass, Venter, JMS,(2013) 48, 553-560.)
42 

Previously, our group developed methods to investigate different steps of DESI by isolating 

desorption from ionization
99

. Spray desorption collection (SDC) was used to model the
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desorption process of DESI while reflective electrospray ionization (RESI) was used to study the 

ionization step (Figure 2.6). 

Figure 2.6. A schematic of spray desorption collection (SDC) and reflective electrospray 

ionization (RESI). (Reprinted from Douglass et al. JASMS. 23(11),1896-902, Copyright(2012) 

Springer)
99

For the SDC experiment, a setup similar to DESI was used but instead of the analyte being 

sampled in the mass spectrometer, it was collected on a TLC plate or in some cases in an 

Eppendorf tube. The collected sample was reconstituted and then analyzed by ESI-MS. 

For the RESI experiment, the analyte was already dissolved in the solvent system, similarly to 

ESI. The mixture of sample and solvent was sprayed on a clean surface, similar to DESI. The 

analyte was subsequently sampled into the mass spectrometer and analyzed. 

When deconstructing of DESI was used to study the steps of protein analysis by DESI, it was 

observed that both SDC and RESI produced similar result to ESI, without the observed loss in 

sensitivity with increasing mass typical of DESI. The study concluded that the mass dependent 

loss of signal intensity during protein analysis by DESI is due to incomplete dissolution of 
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protein sample and not coming from desorption or ionization of the protein
42

. Therefore,

improving dissolution/extraction of proteins from solid phase into the liquid layer is the major 

challenge of protein analysis by DESI. Recently, successful detection of smaller proteins (up to 

16kDa) from tissues by DESI imaging mass spectrometry (DESI-IMS) was reported by Towers 

et al. 
94

 where they made multiple optimizations to their DESI setup including modifying the

solvent system used for analysis, acknowledging the importance of analyte solubility and 

addressing the poor dissolution of proteins during DESI
94

.

2.4. Mechanism of desorption electrospray ionization 

Studies formerly proposed that the mechanistic aspect of DESI follows a “droplet pickup” 

mechanism of the analyte and subsequent desolvation of the secondary droplets producing gas-

phase dry ions of the analyte on their way to the inlet of the mass spectrometer
32

. Droplet pickup

hypothesizes that the solid/liquid extraction starts by the wetting of the surface and formation of 

a micro-localized liquid layer followed by subsequent momentum transfer driven by the 

continuous projection of the primary droplets to this thin layer of the liquid on the surface
100

. The

analyte molecules in the solid phase are extracted or dissolved into the liquid formed on the 

wetted surface. Production of secondary droplets is hypothesized to be due to the collision of the 

coming solvent jet and the liquid layer
100

. Later studies evidently showed that droplet pickup is

the major driving force in the process of DESI. More detailed mechanistic description of 

individual steps of DESI follows. 

2.4.1. Primary sprayer 

For beginning the process of analysis by DESI, an electrospray solvent aiming at the surface is 

nebulized to produce charged micro-droplets. This solvent typically consists of an aqueous 
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solution but there were also reports on the use of non-aqueous solvent systems for DESI 

experiments
43

. The composition of the solvent of DESI is often a 1:1 MeOH:H2O system which

is slightly acidified to aid analyte protonation in positive mode. An electrical potential of several 

kilovolts is applied to the spray solvent and pneumatic nebulization is employed to help with 

desolvation. The size of the solvent droplets (primary droplets) electrosprayed from the solvent 

capillary can be affected by chemical factors as well as physical parameters. As for chemical 

parameters, the ionic strength of the solvent components
37

, the ratio of organic fraction in the

solvent composition
36

 and the use of surfactant in the spray solvent system
101

 can cause

significant changes in the size of the droplets. Physical parameters include the potential applied 

at the tip of the solvent capillary, solvent flow rate and the size of the walls of the solvent 

capillary
39

 that can affect the primary droplet size. Previous studies reported that the size of the

majority of the droplets in the sprayed plume range between 1 to 10μm
37,39

.

For the solvent droplets, the velocity by which they impact the surface of the sample can define 

the ionization efficiency. The velocity of the primary droplets is affected by electrical potential 

applied to the tip of the solvent sprayer but more importantly by the sheath gas flow rate
39

. In

addition, the ionic strength of the solvent components can play a role in the primary droplet 

velocity
39

. It was reported that the mean velocity of the droplets arriving at the surface of the

sample is about 120m/s
39

.

2.4.2. Dissolution/extraction 

Upon spraying the surface with the solvent, first a thin micro-localized liquid layer forms on the 

surface
39-41

. Formation of this liquid layer is critical for having a stable and reproducible DESI.

Solubility of the analyte in the thin layer plays a major role in the extraction process of the 
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compounds and subsequently the performance of DESI
36,42,43

. But on the other hand, high level

of sample solubility increases the chance of substrate erosion
36

, which can cause sample

degradation and loss of DESI signal
38

. It was shown that choosing an appropriate solvent in

DESI by using octanol/water partition coefficients (Kow) of analyte can create higher quality 

mass spectra in DESI
43

. Also increasing the organic fraction of DESI solvent system up to 90%

was shown to produce smaller primary droplets which are less likely to be scattered over the 

surface of the sample
36

. Wettability of the surface and the contact angle of the solvent can

change the erosion diameter
36

. The relation of wettability and contact angle is discussed in more

detail in Chapter 3. The affinity of the analyte for the surface is also of high importance, since 

analytes with lower affinity can be easily blown away by the plume of primary droplets and 

cause a loss of signal in DESI
73

. Knowing the characteristics of surface and solvent can help in

choosing the right surface that provides solvent with proper retention time and resulting better 

DESI response
73

.

2.4.3. Desorption 

The process of analyte liberation from the surface and its transfer to the mass spectrometer inlet 

in the form of secondary droplets emerging from the liquid layer, into which the analyte 

molecules have already been extracted, is known as desorption. During DESI analysis, 

desorption is carried out by the droplet pickup mechanism
32,40,41

. In a typical DESI setup, the

impacting primary droplets, travelling at velocities around 120m/s, collide with the micro-

localized thin layer of liquid that is formed on the surface. At the incident of the arriving solvent 

jet and liquid layer and through momentum transfer, secondary droplets are ejected from the 

surface toward mass spectrometer inlet
40

. Hydrodynamic simulations for the process of droplet

pickup during DESI provided evidence that momentum transfer by later arriving primary micro-
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droplets is responsible for formation of the analyte containing secondary droplets
40,41

. The

secondary droplets are also shown to be composed of both the primary droplets and the thin 

liquid layer on the surface
40

. The features of the liquid thin layer can be manipulated by the

physiochemical properties of the solvent as well as the surface and the flow rates of solvent and 

nebulizing gas
38

.

Van Berkel and his group investigated the pattern of sprayed solvent on different surface 

materials
73,75,102

. They reported three regions that are formed on the surface by the incidence of

the solvent: 1) A central region in an elliptical shape formed by high velocity solvent arriving the 

surface; 2) The region where the solvent impact streams away from the central impact point; 3) 

The area where slower moving solvent droplets impinge on the surface and form a third region 

outside the two other region already described
36,73,103

. It was also shown that the secondary

droplets can form at the rivulets streaming away from the center of the elliptical impact region
103

.

Desorption of analyte molecules form the surface was demonstrated to occur at a very close 

distance to the surface and within a narrow band of the desorbed material
36,39-41,102

.

As discussed in section 2.4.2, SDC was developed to study the desorption process of DESI 

independently from ionization
99,104

. It was shown that in a DESI experiment, desorption

efficiency is not affected by the applied electrical potential but can be considerably affected by 

hydrodynamic forces (the nebulizing gas velocity) and geometric factors (sprayer to surface 

distance) involved in DESI
99,105

. It was also demonstrated by using SDC that desorption

efficiency unlike ionization efficiency remains the same for all the soluble species in the sample 

including large proteins
42

.
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The optimum combination of DESI parameters such as source geometry and hydrodynamic 

forces together can make an efficient and reasonably energetic sprayer that effectively produce 

secondary droplets for analysis by DESI
99

.

2.4.4. Ionization 

Following desorption of the charged secondary droplets from the surface, it is believed that DESI 

analytes undergo ionization that mechanistically are similar to ionization in ESI
32

. Despite the

similarities of DESI spectrum to ESI, DESI shows a slight loss of charge states which is 

attributed to the collision of the charged primary droplets to the surface
32,42

. The abandoned

charges can gradually build up on the surface which can affect the signal intensity
45

.

DESI can be used to ionize compounds that are typically not ionizable by ESI and create spectra 

that resemble spectral features of corona discharge or APCI
32,105

.

Ionization in DESI to a large extend relies on and proceeds with the use of a high voltage to 

produce charged primary droplets. Increasing the voltage supply of the electrospray emitter is 

shown to increase ionization efficiency of DESI
39

. The ionization efficiency of DESI is also

governed by the nebulizing gas pressure. Higher gas pressure produces smaller primary droplets 

which can improve ionization efficiency
39

. By the application of RESI, ionization process of

DESI was studied independently from desorption
99

. Using RESI for protein samples provided

evidence that ionization efficiency during DESI is comparable to ESI, ruling ionization out as a 

reason for sensitivity loss during DESI analysis of proteins 
42

. Finally the charged secondary

droplets go through solvent evaporation to create ions before they are sampled into the mass 

spectrometer inlet. 
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2.5. Conclusion  

The aim of this chapter was to provide detailed background information about desorption 

electrospray ionization and a proper understanding of the mechanistic aspect of this method prior 

to the following experimental chapters where DESI is used as the main method of analysis. 

As discussed throughout this chapter, we hypothesize that the poor dissolution of proteins is the 

focal point in the loss of sensitivity during DESI
42

. Different DESI parameters can be optimized

to maximize the efficiency of analysis. However, DESI has some intrinsic irreproducibility due 

to many variable factors in the source geometry which can be mitigated to some extent by using 

a geometry-independent DESI source
106

.

The work presented in the following chapters was done in an effort to improve protein analysis 

by desorption electrospray ionization through improving protein solubility. Optimizing the spray 

composition and modifying the solvent system composition are shown to be beneficial for 

improved protein analysis by DESI. 
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