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Electrospray ionization mass spectrometry (ESI-MS) is a soft ionization technique that 

allows detection of macromolecules, such as intact proteins, by the formation of multiply 

charged ions from solutions. Desorption electrospray ionization mass spectrometry (DESI-MS) 

is an ambient ionization technique that directly samples analyte from a surface during ESI-MS 

analysis. Although DESI-MS is highly accomplished at the analyses of metabolites, lipids, and 

other small molecules, it is far more limited when it comes to protein analysis. While most of the 

field in ambient ionization MS has moved towards primarily applications, our approach has been 

to explore the use of DESI-MS and direct ESI-MS to answer fundamental scientific questions. 

Understanding the mechanisms by which proteins are analyzed with these techniques provides 

essential insight into protein behavior and enables improving these techniques even further. 

The presented work focuses on improving DESI-based protein analysis via solution- 

phase and gas-phase additives and understanding the underlying mechanisms by which these 

additives improve protein signal. DESI-MS and complementary direct ESI-MS experiments were 

used to (1) investigate the effect of amino acid additives on protein signal, (2) understand the 

mechanism by which amino acid additives improve protein signal during DESI-MS, (3) 

investigate the effect of organic solvent vapors on protein signal, and (4) incorporate these 



 

techniques and findings into developing a novel method for rapid analysis of immobilized His- 

tagged proteins. 

As a result, we were able to successfully improve protein analysis by DESI-MS through 

the addition of L-serine to the desorption solvent. Serine was shown to act as a solubility 

enhancing additive through improving dissolution of unfolding proteins during the 

extraction/desorption step of DESI-MS, potentially by inhibiting aggregation. Exposing the 

DESI-MS sampling region to ethyl acetate vapors also improved the signal intensity of proteins 

similar to previously reported ESI-MS observations. Finally, the potential application of direct 

ESI-MS and DESI-MS for rapid analysis of immobilized recombinant His-tagged proteins from 

Ni-NTA and Cu-NTA coated surfaces was evaluated. We successfully demonstrated the capture 

and release of recombinant His-tagged human ubiquitin from Ni-NTA and Cu-NTA surfaces by 

DESI-MS. Furthermore, we show the detection of His-tagged recombinant protein directly out of 

complex solutions containing the total protein fraction of the E. coli expression system and the 

lysis buffer, after purifying on Ni- and Cu-NTA plates. This work demonstrated the potential of 

direct ESI-MS and DESI-MS for rapid analysis of recombinant His-tagged proteins from crude 

bacterial cell lysate. 
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PREFACE 
 
 
 
 
 
 

The present work describes my efforts to engage in research on the interface of chemistry 

and biology through one of the most valuable areas with such interdisciplinary nature, the study 

of proteins using mass spectrometry. This dissertation presents my research dedicated to 

expanding our understanding of protein dissolution and ionization by desorption electrospray 

ionization (DESI) along with direct electrospray ionization (ESI) mass spectrometry (MS) and 

exploring the application of DESI and direct ESI in developing recombinant protein assays. The 

results I presented here were collected during the last five years as a Ph.D. student in Dr. Andre 

Venter’s research laboratory, under his direct supervision, and with the generous support of my 

dissertation committee members, especially Dr. Todd Barkman from The Biological Sciences 

Department at Western Michigan University. I have been greatly fortunate to work on research 

projects entirely supported by the National Science Foundation (NSF) under grant numbers CHE 

2003379 and CHE 1508626. Most of the original research presented in this dissertation has 

already been published in reputable peer-reviewed journals such as Analyst (RCS), The Journal 

of the American Society for Mass Spectrometry (ACS), and Analytical Methods (RCS). 
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CHAPTER 1 
 
 
 

1. INTRODUCTION 
 
 
 

1.1 On desorption and direct electrospray ionization mass spectrometry for analysis of 
proteins 

Mass spectrometry (MS) is an analytical technique that detects and identifies molecules 

primarily based on their mass and electric charge. The detected ions are typically presented in a 

mass spectrum, which is a plot of ion signal intensity as a function of mass-to-charge ratio (m/z). 

A mass spectrometry analysis can be carried out on intact molecules without any type of 

fragmentation via soft ionization techniques, and it can also yield fragments of the molecule by 

in-source fragmentation or tandem mass spectrometry (also known as MS/MS or MSn). Both 

purified compounds and molecules from highly complex mixtures can be detected and analyzed 

by mass spectrometry. This capability, alongside speed, sensitivity, and selectivity, makes mass 

spectrometry an indispensable analytical technique and one of the most dominant analytical 

instruments. 

Since its invention in the early 20th century, mass spectrometry has found numerous 

applications in a wide variety of fields. This exponential growth is in part thanks to the discovery 

of soft ionization methods. Soft ionization refers to any process that can ionize a molecule with 

little to no fragmentation. Electrospray ionization (ESI) is an important soft ionization technique 

that can produce gas-phase ions from solutes in a solution. ESI stands out from the crowd 

because, in addition to producing singly charged ions, it can produce multiply charged ions as 

well. This ability is especially useful for analyzing large macromolecules because it can ionize 
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macromolecules without fragmentation while also effectively enabling mass analyzers to detect 

these intact large molecules by increasing the number of charges and consequently lowering the 

m/z values. ESI is useful for analyzing different classes of compounds, but perhaps the most 

remarkable application of ESI is the analysis of biological macromolecules such as proteins. In 

fact, John B. Fenn was awarded a share of the 2002 Nobel Prize in Chemistry for “the 

development of ESI for analysis of biological macromolecules, or as famously remembered, 

“electrospray wings for molecular elephants”.1 

ESI-MS is a product of steady contributions for more than 400 years. The reports 

regarding the physics of charged droplets go back to 1600. Abbé Jean-Antoine Nollet performed 

the first ESI experiment in the 18th century.2 The disintegration of charged droplets such as those 

produced in ESI was described in 1882,3 and the first account of the ESI phenomenon was 

published in 1917.4 ESI-MS for chemical analysis was an idea developed by Malcolm Dole in 

the late 1960s in the pursuit of observing synthetic polymers and measuring their mass.5 

Subsequent work by Fenn and co-workers finally demonstrated the ground-breaking ability of 

ESI-MS for analysis of proteins with molecular weights far beyond a mass analyzer’s upper mass 

limit in the late 1980s.6 Ever since then, ESI-MS has become one of the most popular techniques 

for mass spectrometry methods to study proteins and has exponentially grown into a large and 

diverse field, encompassing quantitative,7-8 structural,9-10 and proteomics studies,11-13 just to 

mention a few. 

In 2004, desorption electrospray ionization mass spectrometry (DESI-MS) was developed 

for the analysis of compounds under ambient conditions.14 During DESI, a desorption solvent 

extracts the analytes from a solid or even liquid sample (sampling step), followed by ESI for 

ionization (ionization step) and subsequent MS detection of the extracted analytes. While highly 
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accomplished in analyzing small molecules, DESI struggles with a hallmark capability of ESI, 

namely protein analysis, even though the two techniques are closely related and share the same 

ionization mechanisms.15-16 Although it is generally said that lower sensitivity in DESI-MS of 

proteins is mainly due to inefficient protein desorption, deconstruction of DESI into independent 

desorption and ionization steps demonstrated that proteins, large and small, desorb equally well. 

It is, in fact, inefficient protein dissolution during the DESI-MS extraction that is mostly 

responsible for the poor performance of DESI-MS in protein analysis.16-17 This dissertation is 

primarily focused on improving protein analysis by DESI-MS through the help of additives, and 

understanding the biochemical basis of how these additives can help protein analysis in DESI- 

MS. The close similarity in ionization yet different timeframes of sampling methods between 

DESI and ESI provides a unique opportunity to investigate protein behavior during dissolution 

and ionization. This type of study can be used to further understand how additives can improve 

protein solubility and/or ionization, in general, but more specifically for DESI-MS analysis. 

Finally, this knowledge will allow us to expand the applications of DESI-MS for protein analysis 

beyond what is currently possible. 

 
1.2 The structure of the dissertation 

 
A detailed background of ESI and DESI mechanisms, particularly for protein analysis, is 

provided in Chapter 2. This chapter also explains the challenges of protein analysis by DESI and 

the previous investigations into the reason behind the struggle, which lay the foundation of my 

research on additives that enhance protein analysis in DESI-MS and their mechanism of action. 

My work on improving protein analysis by DESI through different additives is described in 

Chapters 3 and 4. Chapter 3 examines the effect of solution-phase additives, in particular the 

amino acid L-serine, on protein analysis by DESI and shows that in addition to removing salt 
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adducts from proteins as it does in ESI,18 serine can increase protein signal intensity in DESI 

under denaturing conditions. In Chapter 4, a systematic study was carefully designed to 

investigate the mechanism of the protein signal improvement observed in Chapter 3. This 

fundamental study investigated the effect of additives on protein solubility and dissolution by 

interpreting results from complementary DESI and direct ESI experiments, using L-serine as a 

model additive. Overall, this study demonstrated the capability of DESI and complementary ESI 

experiments as a novel tool for understanding the mechanism of action for solubility-enhancing 

additives, which is a novel application of DESI-MS for protein studies. In Chapter 5, the effect 

of gas-phase additives on improving protein analysis by DESI through the exposure of the 

sampling area to organic vapors with the help of a custom-built enclosure is discussed, and the 

effect on protein charge state distribution and signal intensity is compared to the previously 

published literature on the effects of organic vapors on ESI-MS of proteins. Chapter 6 details my 

efforts to expand the application of DESI in protein analysis by investigating detection and 

purification of His-tagged recombinant proteins from the bacterial cell lysate through 

immobilization on Ni-NTA and Cu-NTA coated surfaces by DESI and direct ESI. Lastly, in 

Chapter 7, I conclude the dissertation with final remarks and prospects for future research. 
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2.1 Introduction to electrospray ionization 
 

The electrospray process has a long history of use as a mechanism to electrostatically 

disperse liquids and for generating aerosols predating its application for ionization with mass 

spectrometric analysis 1. The physical mechanisms of charged droplet formation by electrospray 

has been widely studied and is well-accepted. Unfortunately, not all the processes that happen 

during ESI are well-understood. The processes by which ionization occurs in ESI, for example, 

are still controversial and actively under investigation. Electrospray leads to the formation of 

small, highly charged droplets which subsequently produce gas-phase ions. Production of gas- 

phase ions from solution in ESI usually takes place under atmospheric pressure and can be 

described in three major steps: (1) production of charged droplets at the tip of the electrospray; 

(b) droplet shrinkage due to solvent evaporation and repeated droplet fission leading to very 

small, highly charged droplets capable of producing gas-phase ions; and (3) the various 

mechanisms by which gas-phase ions are believed to be released from these droplets. Below is a 
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brief account of what is currently known about the processes that lead to ionization, with focus 

on positive mode ESI.2-3 

 
2.1.1 Formation of charged droplets in ESI 

 
Upon application of a high voltage (typically around 1-4 kV) to a conducting solution in a 

capillary close to a counter electrode (for example a “plate” in the mass spectrometer sampling 

system), the charged solution is ejected from the tip of the capillary by formation of a Taylor 

cone.4 A Taylor cone is formed because the electric field at the tip of the capillary is very strong 

and results in ion separation in the solution and accumulation of the electrolytes with opposite 

polarity to the counter-electrode at the solvent meniscus. Solvation and surface tension hinders 

the ions from traveling towards the counter electrode, and the meniscus deforms into a cone. If 

the applied electric field is high enough to overcome surface tension, a fine jet emerges from the 

cone, resulting in formation of small, highly charge micro droplets. The droplets are positively 

charged due to an excess of positively charged electrolytes such as H+, Na+, NH4+ and K+ (also 

called charge carriers) at the surface and tip of the Taylor cone. The opposing ions (negative in 

the case of positive mode ESI) are oxidized at the capillary wall completing the electrical circuit. 

This type of charging that depends on separation of positive and negative ions into opposite 

directions is known as the electrophoretic mechanism. 

The charged droplets produced from the Taylor cone move in the air (atmospheric pressure) 

towards the mass spectrometer (technically the counter electrode in the mass spectrometer), 

while undergoing solvent evaporation. As the charge density builds up in the shrinking droplet, 

there comes a point where charge repulsion approaches the surface tension of the shrinking 

droplet, known as the Rayleigh limit.5 At the Rayleigh limit, a Coulomb fission of the droplet 
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+ 

+ 

takes place, forming smaller progeny droplets. This fission process repeats until very small, 

charged droplets with radii of few nanometers are formed that are ultimately capable of 

producing gas-phase ions.2-3 The described process is illustrated in Figure 2.1. 
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Figure 2.1. Schematic of the major steps in formation of ions from solution by electrospray 
ionization operated in positive mode. 

 
2.1.2 Protein ionization in ESI 

 
The intricacies in the final events of ESI that lead to formation of gaseous ions remain 

controversial, especially for complex systems such as intact proteins. It is accepted that gaseous 

ions that are ultimately detected by the mass spectrometer are produced from the last progeny 

droplets that have nanometer radii.3 During ionization, the molecule can acquire a certain 

number of charges, depending on molecules characteristics and the experimental conditions. The 

ions are detected as peaks based on their mass-to-charge ratio (m/z). Unlike most small 

molecules that usually form a single peak in ESI, large molecules such as proteins typically form 

a distribution of peaks at different m/z values. Each peak corresponds to the mass of the protein 

divided by a certain number of charges, also known as a charge state. The molecular mass of a 
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protein can be calculated by knowing the m/z value of at least two adjacent charge states in the 

mass spectrum using equation (1), or by using deconvolution algorithms.6-7 

 
 
 

𝑃𝑃! (𝑚𝑚/𝑧𝑧) = (𝑀𝑀 + 𝑧𝑧!)/𝑧𝑧! 
 
 

𝑃𝑃" (𝑚𝑚/𝑧𝑧) = (𝑀𝑀 + (𝑧𝑧! + 1))/(𝑧𝑧! + 1) 

 
 

(1) 

 
 
 

For proteins, the distribution of peaks in the mass spectrum is called the protein charge 

state distribution (CSD). For a given set of experimental conditions, the protein CSD often 

appears approximately normally distributed.8 The CSD of a protein is sometimes referred to as 

the protein “envelope”, encompassing all the charge states in the distribution. As illustrated in 

Figure 2.2 the lowest observed charge state (LOCS), the highest observed charge state (HOCS) 

and the highest intensity charge state (HICS) are the descriptors of a protein envelope. Folded 

proteins typically yield a narrow CSD with a small number of charges on the protein peaks. In 

contrast, unfolded proteins yield broad CSD consisting of highly charged protein peaks. Figure 

2.2 demonstrates differences of CSD of the same protein in folded and unfolded states. 
 

Without a doubt, protein CSD has a significant dependence on protein conformation.9-11 

Numerous studies with a variety of biophysical techniques coupled to mass spectrometry, such as 

hydrogen/deuterium exchange,12-13 and ion mobility,14-15 support the relationship between 

charges on the protein and protein conformation, although the nuances of the relationship 

between protein CSD and conformation in solution are still under debate.16-17 Nevertheless, it is 

generally accepted that ESI-MS can indeed capture some aspects, if not all, of protein solution 

conformations in the gas-phase by “freezing-out” structures that are in equilibrium in solution as 
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gas-phase ions.18-21 This freezing process occurs due to evaporative-cooling, caused by rapid 

droplet desolvation.22-23 Within the cooled droplet, energy barriers between protein 

conformations on the free-energy landscape become more difficult to overcome, resulting in 

kinetically “freezing out” the protein structures in the absence of a lubricating solvent and rapid 

proton transfer. As a result, the trapped solution-conformations emerge into the gas-phase as 

desolvated ions with a specific number of protons (or other charge carriers) depending on the 

exposed acidic and basic residues, contributing to the observation of the charge state distribution. 

In this way, dehydration and kinetic trapping enables retention of the protein solution-like 

conformations, which makes ESI extremely sensitive to protein structure and a valuable tool for 

structural analysis.21, 24 

 

 
Figure 2.2. Mass spectra of a multiply charged protein, cytochrome c with molecular mass of 
12.3 kDa, in unfolded and folded conformation. 



12 
 

Currently, there are three mechanisms that explain formation/release of the gas-phase 

ions from electrospray droplets, as illustrated in Figure 2.3: the ion evaporation model (IEM),25 

the charge residue model (CRM) and the more recently proposed chain ejection model (CEM)26. 

It is commonly accepted that small molecules with low molecular weight ionize by IEM while 

large molecules such as globular proteins and polymers ionize through CRM. CEM was 

proposed for ionization of disorderly polymers and unfolded proteins. The IEM typically yields 

the singly protonated ion of the analyte. The IEM is based on the fact that the electric field in the 

charged nanodroplet is sufficiently high to cause the ejection of small solvated ions from the 

droplet surface due to charge repulsion, overcoming surface tension and solvation forces.25 

Generally, it is well accepted that folded, globular proteins ionize primarily by CRM.27 In 

the CRM model, proteins ionize when the repetitious solvent evaporation and droplet fission 

result in the formation of droplets approaching the size of a single analyte that eventually 

evaporate to dryness. As this solvent shell is evaporating, the analyte becomes charged through a 

charge transfer process between the charge carriers on the surface of the droplet and the analyte 

molecule.28 It has been shown that CRM droplets remain close to the Rayleigh limit throughout 

the entire evaporation process, implying that the droplet loses charges as it shrinks, possibly 

through IEM ejection of charge carriers or small molecules.29 This is particularly interesting for 

globular, folded protein ionization, as experimental results showing charges on folded proteins 

are very close to the calculated Rayleigh charge of protein-sized water droplet.30-31 

As CRM fell short on explaining the very broad CSD centered at high number of charges 

on unfolded proteins, the CEM model was proposed. Molecular dynamics (MD) simulations 

predict that in the last step of the ESI process, the unfolded proteins leave the shrinking droplet 

in a manner similar to IEM. According to the CEM model, unfolded proteins are driven to the 
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surface of electrospray droplet by hydrophobic and electrostatic forces, and gradually the 

unfolded protein is ejected from the droplet via a protruding “tail” that undergoes a charge 

equilibrium with the droplet due to H+ migration. The H+ transfer process results in the ejection 

of the polypeptide chain with a high number of charges. The MD studies on CEM accurately 

predicted the experimental data of unfolded protein charge states, highlighting the important role 

of protein conformation on observed charge state distribution.26, 32 
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Figure 2.3. Schematic of ESI ionization models. IEM: ion evaporation model for small 
molecules, CRM: charge residue model for large, globular proteins, CEM: chain ejection model 
for large, unfolded proteins.3 
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most of the scenarios in ESI, and active research is still unraveling the final steps of the ESI 

process for different types of analytes. 

 
2.2 Introduction to direct and ambient methods 

 
Development of ambient ionization mass spectrometry in the mid 2000s revolutionized 

sample analysis by mass spectrometry.34 Ambient ionization is the term used for any method in 

which ions are formed in an ion source outside the vacuum system of the mass spectrometer, 

under “ambient conditions”. Ambient conditions refer to the intention that the sample is analyzed 

in its natural environment, although this is seldom achieved in practice. While it is often said that 

ambient ionization methods do not require sample preparation,34-37 it is more accurate to say 

these methods frequently require no sample preparation, other than the sample processing that 

takes place during the analysis. In other words, ambient ionization is a form of ionization where 

sample preparation takes place in real-time and proximal to the ionization, during the analysis 

of analytes.38 

It is important to distinguish between ambient and direct analysis. A purely ambient 

analysis is one where the sample is available for mass spectrometry analysis without any prior 

sample preparation or, in the ultimate case, the mass spectrometer is taken to the sample for 

analysis without disturbing the sample from its native environment. Ambient methods typically 

do the bulk of sample processing during the analysis step and rely on the mass spectrometer for 

separation and detection. A direct analysis usually requires some, but often minimal sample 

preparation, prior to the analysis. Direct methods rely on offline sample preparation (such as 

extraction, dissolving, desalting, etc.), while the analysis relies on the mass spectrometer alone 

for separation, similar to ambient methods. The immediacy and degree of sample preparation 

differentiates ambient analysis methods from direct mass spectrometry analysis. Direct analysis 
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is also frequently performed using the so-called ambient ionization sources, where some prior 

sample preparation precedes the real time-proximal sample processes inherent in the technique. 

Figure 2.4 illustrates the difference between ambient, direct, and hyphenated techniques coupled 

to mass spectrometry. 

 

 

Figure 2.4. Differences between ambient, direct, and hyphenated techniques coupled to mass 
spectrometry.38 Anal. Methods, 2017, 9, 4896-4907. Copyright © 2017 The Royal Society of 
Chemistry. 

 
 

In all the mentioned ambient and direct methods, ions are usually produced by well-

known atmospheric pressure ionization (API) methods such  as  ion−molecule reactions, 

photochemical ionization, or from charged droplets by ESI mechanisms as discussed in 

Section 2.2.36-37, 39-46 

Since the introduction of ambient ionization through the development of desorption 

electrospray ionization (DESI)34 and direct analysis in real time (DART),47 more than 80 ambient 

ionization methods have been developed.38, 48-49 These methods have been reviewed extensively 

and categorized through various approaches in the past two decades.50-51 An obvious approach is 
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for methods to be arranged primarily by either the sampling method or the ionization method, 

although it is common to first separate the methods by one aspect and then a second.52 When 

primarily differentiated by sample processing, the techniques are often arranged based on the 

desorption mechanisms of (1) liquid extraction, (2) spallation/laser ablation and (3) thermal 

desorption.51 Another “technique-centric” organization system based on both the 

extraction/desorption technique and ionization mechanism was used by Harris et al.36 There are 

also subcategory reviews that are focused on the chemical aspects of liquid extraction-based 

methods39 or the accompanying chemical processes.53 A more detailed description of all ambient 

techniques and different categorization approaches can be found in our review article on this 

topic, provided in Appendix A. Below is a description of the liquid extraction-based methods, in 

particular desorption electrospray ionization (DESI), which is the main focus of this dissertation. 

2.2.1 Liquid extraction methods 
 

Sampling in extraction-based techniques generally involve liquid-solid extraction such as 

in DESI,34 nano-DESI,54 Liquid microjunction (LMJ),55-56 liquid extraction surface analysis 

(LESA)57 as shown in Figure 2.5. Liquid-liquid extraction is also possible with techniques such 

as liquid-DESI58 and extractive electrospray ionization (EESI).59 There are three major 

extraction-based methods for sample processing in ambient ionization: (1) spray desorption, (2) 

liquid microjunction and (3) substrate spray. These methods are organized based on the process 

by which the analyte is directed towards the ionization step. In spray desorption techniques (e.g., 

DESI), a spray of solvent generates charged droplets that form a thin layer on the sample, where 

the analyte is rapidly extracted from the surface followed by transfer of the ions or charged 

droplets to the atmospheric pressure ion inlet of the mass spectrometer. In liquid microjunction 

techniques (such as nano-DESI and LESA), a continuous-flow liquid stream forms a 
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microjunction on the surface and extraction occurs in-line. The analyte is then transported to an 

ionization source, usually ESI. 

 

 

Figure 2.5. Schematic of liquid-extraction based ambient methods. (a) desorption electrospray 
ionization (DESI), (b) nano-DESI, (c), liquid extraction surface analysis (LESA), and (d) liquid 
microjunction-surface sampling probe (LMJ-SSP). 

 
 

Extraction is greatly affected by solubility. In general, increasing solubility improves the 

response. It is important to note that in spray desorption methods where analysis of sample on a 

solid surface is desired (e.g., DESI), the desorption spray forms a liquid layer on the surface and 

extracts the dried sample through dissolution processes. In methods where the sample is already 

in liquid state (such as Liquid-DESI), dissolution is not part of the mechanism. Instead, mixing 

of the two liquid phases occur. For some types of analyte which do not readily dissolve on the 

time scale of the solid surface methods, such as proteins,46 liquid-sampling methods and liquid- 

junction methods have been found to be much more sensitive than the spray desorption 

methods.60-61 
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2.2.2 Desorption electrospray ionization (DESI) 
 

Among the different ambient methods developed, DESI is still one of the most readily adopted 

and widely used techniques.34, 62-63 The success of DESI can partly be attributed to the fact that 

building a DESI source is relatively easy and low cost64 and the solvent can be optimized for 

analyzing different compounds by changing its composition. The typical DESI setup is made of 

two co-axial capillaries that form a sprayer similar to a pneumatically assisted electrospray. The 

outer capillary delivers N2 as nebulizing gas, and the inner capillary delivers a continuous flow 

of solvent. Upon applying voltage to the sprayer, pneumatically accelerated solvent droplets 

produced by electrospray process are directed at the surface with velocities around 100 to 120 

m/s which extract the sample and guide it towards the mass spectrometer for detection by ESI.65 
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Figure 2.6. A simple schematic of DESI-MS analysis. 
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The sample analysis in DESI occurs through five steps, known as the “droplet pickup” 

process:65-66 (1) formation of a spray plume (primary droplets) directed at the sample;67-68 (2) 

formation of a micro-localized liquid layer on the sample surface;69-71 (3) dissolution/extraction 

of the analyte into the liquid layer;66-67 (4) release of analyte containing droplets (secondary 

droplets or also known as progeny droplets) from the liquid layer by pneumatically accelerated 
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primary droplets;68, 70-71 and finally, (5) analyte ion generation from charged secondary droplets 

through ESI mechanisms. 

In addition to parameters that can affect the electrospray process, many other parameters 

affect the signal obtained by DESI-MS,72 including but not limited to, solvent composition,67, 73 

sprayer construction and geometry,74 surface type,75-76 relative humidity77 and of course, the 

analyte’s characteristics. Despite the complexity of the DESI process, over the last 18 years, 

DESI-MS has found widespread applications in many fields, including clinical studies78-80, 

forensics81-84, and pharmaceutical studies.85-88 The rapid growth of DESI-MS is mainly thanks to 

its capabilities in performing high-throughput analysis89-92 and imaging.93-96 DESI-MS is still 

mostly considered for analysis of smaller molecules such as metabolites and lipids, while reports 

of protein analysis by DESI-MS are few and far between. Despite recent advances in in situ 

surface sampling of intact proteins from tissues by other ambient techniques such as LESA97-98, 

and Nano-DESI,99-101 the non-contact nature of DESI signifies an important advantage and 

motivates further development and improvements of DESI-MS for protein analysis.102-103 

2.2.3. Methods used to improve protein analysis by DESI-MS 
 

While it has often been stated that lower sensitivity in DESI of proteins is largely due to 

inefficient protein desorption, previous investigations of desorption during DESI-MS by spray 

desorption collection (SDC), which separates desorption from the ionization process, have 

shown that proteins, large and small, desorb equally well.104-105 Moreover, a comparison between 

DESI and other liquid extraction-based techniques provide a different explanation for the 

impeded detection of proteins by DESI-MS. The timeframe for dissolution of proteins during 

DESI is much shorter than other liquid extraction-based techniques such as liquid-DESI, nano- 
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DESI, liquid extraction surface analysis (LESA) and liquid microjunction surface sampling 

probe.104-105 Therefore, the slow and inefficient protein dissolution during the DESI extraction 

step is likely the major contributor to the poor performance of DESI for proteins.105 DESI is 

commonly believed to follow the same electrospray ionization mechanisms of IEM, CRM and 

CEM, depending on analyte properties, as discussed in Section 2.2. Hence, the mass spectra 

acquired by DESI is very similar to ESI,106-107 but not necessarily always identical.108 

Several approaches to improve protein detection by DESI have focused on 

instrumentation, such as integration of a high field asymmetric waveform ion mobility (FAIMS) 

ion mobility to DESI-MS,102 using a heated ion transfer inlet combined with traveling wave ion 

mobility separation,103 removing the ion transfer inlet for direct ionization109 and utilizing a two- 

step configuration for pre-wetting and delayed desorption of proteins.110 However, additives 

offer an economical and more convenient and versatile alternative for enhancing protein signal in 

DESI-MS without significant modifications or additions to the standard setup. Optimizing the 

solvent composition103 as well as using solution-phase additives such as formic acid and 

ammonium bicarbonate111 are beneficial in proteins analysis by DESI-MS. For instance, simply 

adding ammonium bicarbonate to the DESI solvent system increased signal to noise ratio (S/N) 

of proteins 2- to 3-fold compared to a formic acid solvent system, and up to 7-fold compared to 

aqueous methanol solvent systems. A powerful additive for enhancing protein detection with the 

addition of serine is shown in Chapter 3, while Chapter 5 demonstrates benefits to using vapor 

phase additives. Finally, incorporation of an optimized geometry-independent DESI source can 

mitigate some of the intrinsic irreproducibility of DESI74, 112 due to many variables in the source 

geometry and maximize the efficiency of the analysis in general.113 
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2.3 Conclusions 
 

The aim of this chapter was to provide background information about ESI and DESI 

mechanisms as they relate to protein analysis by DESI-MS. Additional background information 

that pertains to each sub-project is provided in the appropriate chapters. We take advantage of 

the similarities between DESI and ESI in terms of ionization, together with the fact that the 

droplet pickup process is highly dependent on the analyte’s solubility and dissolution, to 

investigate methods for improving protein analysis during DESI-MS, and to develop a 

mechanistic understanding of the observed improvements. 
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3.1 Introduction 
 

The resemblance of DESI spectra to typical ESI spectra alongside little to no sample 

preparation prior to analysis gives DESI an advantage over many other ionization techniques.125 

Indeed, since its development just over a decade ago, DESI has shown great versatility for 

investigating an assortment of analytes68 such as intact bacteria in vitro and in vivo,126-128 

secondary metabolites,129-130 diverse compounds in the pharmaceutical industry,131-135 thin-layer 

chromatography,136-139 and imaging a wide variety of analytes from biological tissues,107-108, 140- 

141 recently including imaging of low molecular weight proteins.142-143 However, DESI suffers a 

significant mass-dependent loss in sensitivity. As the mass of the protein increases, the limit of 

detection increases exponentially.75,144 Although it is commonly believed ESI and DESI are 

similar in ionization mechanism, however, there is evidence that suggests differences between 

the two.145 Ionization in DESI is commonly believed to involve the “droplet pick-up” 

mechanism, i.e., extraction of the analyte into the solvent surface layer, followed by liberation of 

secondary solvent droplets, and finally electrospray ionization mechanisms.80 Our group has 
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previously developed methods that enable investigating desorption and ionization steps of DESI 

independently.17, 146 Those results 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, which results in distribution of protein signal across 

nonspecific protein-adducts. 

A simple method for improving protein solubility and long-term stability, especially in a 

concentrated solution of proteins, is the addition of amino acids.147-148 Such amino acid 

stabilizers are routinely added to protein solutions during biochemical processes and are 

favorable additives due to their low cost and safety. Arginine (Arg) and proline (Pro) stabilizers 

have been shown to suppress protein aggregation during refolding,149-153 presumably by 

increasing the solubility of aggregated proteins.154-155 Histidine (His)156 and Alanine (Ala)157 

have demonstrated stabilizing capabilities by suppressing heat-induced denaturation. The 

stabilizing effect of amino acids against thermal denaturation of proteins and non-covalent 

protein complexes has been confirmed in ESI-MS.158 

Adducts caused by non-volatile salts such as alkali metal ions Na+ and K+ can cause salt- 

induced “signal suppression”159-163 and deteriorate signal to noise ratio (S/N)164-165 even at 

micromolar concentrations.166 Several methods have been developed to address this problem in 

ESI-MS, such as buffer loading,159, 165, 167-169 supercharging reagents,170 organic vapors,171 and 

additives such as volatile buffers172-175 or salts such as ammonium acetate,167 ammonium 

bicarbonate, and formic acid.159 A recent addition to the list of additives is free amino acids 

which at low millimolar concentration showed removal of sodium adducts during native nESI- 

MS of large proteins, increased S/N ~4 fold, and caused peak narrowing by 10 fold.176 In this 
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study by Clarke et al. serine was the most successful amino acid in reducing sodium adduction to 

native state proteins during ESI-MS, and removal of up to 1 mM NaCl was demonstrated. 

DESI, much like ESI, also suffers from well-known interferences caused by non-volatile 

salts.177 Similar approaches regarding additives have been carried out for DESI-MS spray solvent 

composition, and some of these additives were successful at improving DESI-MS sensitivity, 

selectivity, and limit of detection for smaller analytes.82, 178-180 Data have shown that the addition 

of ammonium bicarbonate to the DESI solvent system can improve S/N for some proteins 

between two to three fold relative to the same solvent system containing 0.1% (v/v) formic acid, 

and more than seven times relative to 50% MeOH:H2O.181 

In this study, we explored the effect of serine as an additive on the analysis of proteins by 

DESI-MS with different solvent systems. Different proteins with high and low isoelectric point 

(pI) and molecular weights ranging from 12 kDa to 66 kDa were studied to assess the efficacy of 

serine in adduct removal and enhancing protein signal. Data show that sodium adducts could be 

significantly reduced from spiked protein, and signal intensity improvement with co-additives 

was observed, which can be attributed to improvement in dissolution and desorption during the 

droplet pickup process in DESI. 

 
3.2 Experimental 

 
3.2.1 Samples and reagents 

 
Equine cytochrome c (Cyt c, 12.3 kDa, pI=10.5), bovine hemoglobin alpha subunit (Hb, 

 
15.1 kD, pI= 8.0), bovine myoglobin (Myo, 16.7 kDa, pI=6.8), bovine erythrocyte carbonic 

anhydrase isozyme II (CAII, 30.0 kDa, pI=4.7) and bovine serum albumin (BSA, 66 kDa, pI= 

5.8) were purchased from Sigma-Aldrich (St. Louis, MO). Proteins were used without further 
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purification unless stated otherwise. Ammonium bicarbonate and L-serine were obtained from 

Sigma-Aldrich (St. Louis, MO). HPLC-MS grade methanol and LC-MS grade formic acid were 

purchased from Fluka Analytical (Morris Plains, NJ). Ultrapure water was supplied from 

Thermo-Barnstead Water Polisher. Porous-polyethylene surfaces (PE) with an average pore size 

of 15-45 μm (POREX-4900) were purchased from Interstate Specialty Products (Sutton, MA). 

 
3.2.2 Protein solutions and solvent systems 

 
Stock solutions of each individual protein were made by dissolving lyophilized protein 

powder in ultrapure water to a final concentration of 400 µM. Serial dilution from 100 mM NaCl 

solution was used to spike Na+ ions into protein solutions prior to spraying the sample on PE 

surface. To create homogenous lines of protein, a pneumatically assisted nebulizer made of two 

coaxial fused silica capillaries182 was used to spray 80 µM cyt c, 80 µM Myo, 160 µM CAII and 

160 µM Hb and 80 µM BSA separately on the PE surfaces. The height of the sample sprayer 

from the surface was ~2 mm. Nebulizing gas pressure and flow rate were optimized around 100 

psi and 3 µl/min. The result was protein bands with an average bandwidth of 1 mm, which gave 

an approximate surface concentration of 25 pmol/mm2 for cytochrome c, myoglobin, and BSA 

and about 50 pmol/mm2 for Hb and CAII. 

All solvent systems were prepared in 50% MeOH:H2O. Aqueous stock solutions of 2.0 M 

ammonium bicarbonate and 2.0 M ammonium acetate were used to prepare 200 mM dilutions in 

50%MeOH. LC-MS grade formic acid was used to prepare 0.1% (v/v) formic acid in 50% 

MeOH. Serial dilutions from aqueous 1.0 M serine stock solution were used to make different 

concentrations of L-serine. All the solvent systems and the stock solutions were prepared daily 

before the analysis. 
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3.2.3 DESI source and mass spectrometry 
 

A linear ion trap mass spectrometer, LTQ (Thermo Scientific, Waltham, MA, USA) was 

combined with a 3-dimensional translational stage (Purdue University, West Lafayette, IN, USA) 

for DESI analysis. An electrospray emitter was prepared from a Swagelok T-piece and two 

coaxial fused silica capillary tubing.182 The outer capillary (for sheath gas) was approximately 20 

mm in length with an outer diameter of 430 μm and an inner diameter of 320 μm. The internal 

capillary (for solvent) had an outer diameter of 220 μm and inner diameter of 50 μm. The solvent 

capillary extended through the T-piece and was connected to a syringe pump which delivered the 

solvent and extended 0.5 mm beyond the outer gas capillary. A spray potential of +4.0 kV was 

applied to the liquid junction of a stainless-steel syringe needle which delivered solvent at flow 

rate 5 μL/min with N2 as nebulizing gas at 100 psi. The distances between sprayer tip and LTQ 

heated extended capillary were approximately 4 mm, and 1 mm from the sprayer to the surface, 

while the incident spray angle was 55°. The capillary temperature was set at 250°C. Transfer 

capillary voltage and tube lens voltages were 30 V and 130 V. For native state conserving 

conditions, DESI solvents were 50% MeOH:H2O or 200 mM ammonium acetate in 50% 

MeOH:H2O. For denaturing conditions, the solvent was 200 mM ammonium bicarbonate in 50% 

MeOH:H2O or 0.1% v/v formic acid in 50% MeOH:H2O. ESI experiments were performed with 

similar conditions, except instead of desorption of proteins from the PE surface, 10 µM protein 

in each solvent system was directly sprayed into the mass spectrometer inlet. 

 
3.2.4 Data analysis 

 
Mass spectra were collected by Xcalibur software (2.0.7) and viewed in Qual Browser 

(Thermo Scientific). Four independent trials were conducted for each solvent system. In each 

independent trial, 4 lines were perpendicularly scanned and averaged. Signal intensity and S/N 
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for each trial were calculated based on the averaged spectra of scanned lines. MagTran software 

(1.03) was used for charge state deconvolution to give the “zero-charge” spectra and integrated 

protein signal intensity as described by Zhang and Marshall using the ZScore algorithm.24 Error 

bars represent ± mean standard deviation. 

 
3.3 Results and discussion 

 
3.3.1 Effect of serine on sodium removal in DESI 

 
Cytochrome c without added sodium chloride. The effect of serine was first studied on 

mass spectrometry grade cytochrome c without the addition of salt. Multiple studies on sodium 

adduction have concluded that lower charge states are more susceptible to sodium adduction,166- 

167, 183-184 and as expected, cytochrome c charge states 7+ and 8+ were heavily adducted peaks in 

the spectra even without doping sodium chloride in the depositing solution. Sodium adduction of 

cytochrome c charge states 7+ and 8+ when sprayed with 50% MeOH:H2O and 200 mM 

ammonium bicarbonate (ABC) in 50% MeOH:H2O with and without 1 mM serine are compared 

in Figure 3.1. 
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Figure 3.1. Representative DESI-MS spectra of cytochrome c charge state 8+ and 7+ with 
different desorption sprays. Sprayed with (a) 50% MeOH:H2O and (b) 1 mM serine added to 
50% MeOH:H2O, (c) denaturing solvent additive 200 mM ammonium bicarbonate (ABC) in 
50% MeOH:H2O and (d) 1 mM serine added to 200 mM ammonium bicarbonate (ABC) in 50% 
MeOH:H2O. The base peak in panel (a) was [M+5H++3Na+]8+ and in other panels [M+7H+]7+ or 
[M+8H+]8+ as indicated. 

 
 

In Figure 3.1 (a), aqueous cytochrome c without any addition of sodium chloride was 

analyzed from PE surface with 50% MeOH:H2O, a standard solvent which has been shown to 

often produce “native-like” charge states of proteins in DESI,185 and was compared to spray 

containing no other additive but 1 mM serine added to 50% MeOH:H2O in Figure 3.1 (b). The 

result was a considerable sharpening of both charge states by removing adducts that spread the 

signal over multiple peaks and a significant increase in protonated peak intensity, especially for 

charge state 7+. Sodium removal from the same two charge states was also evaluated when the 

denaturing additive ammonium bicarbonate (ABC) was added into the desorbing spray. This 

additive was previously shown to increase signal to noise ratio of cytochrome c drastically in 
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DESI.181 The addition of ABC leads to an increase in the proportion of the protonated form to 

both charge states 8+ and 7+, compared to 50% MeOH:H2O, but still had multiple adduct peaks 

(Figure 3.1 (c)). These adducts were significantly further removed with the addition of 1 mM 

serine (Figure 3.1 (d)) together with ABC. The addition of 10 mM serine, however, did not yield 

better signal, and in fact, suppressed protein signals in both solvent systems, presumably due to 

high abundances of stable serine clusters, especially protonated serine octamer at m/z 840 and 

protonated serine dimer at m/z 211 (as discussed later). Formation and characteristics of 

serine,186 and other amino acid clusters, have been reported and extensively studied by 

electrospray mass spectrometry.187 Mass spectra of complete charge state distributions can be 

found in Figure 3.2. 

 

Figure 3.2. Full Spectra of cytochrome c sprayed with different desorption sprays. A) 50% 
MeOH:H2O, b) 50% MeOH:H2O and 1mM Ser, c) 200 mM ammonium bicarbonate (ABC) in 
50% MeOH:H2O, d) 200 mM ABC with 1mM Ser in 50% MeOH:H2O. Int: intensity of highest 
intensity charge state (HICS). 
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Cytochrome c with added sodium chloride. Aqueous solutions of cytochrome c (80 

µM) containing 1 mM and 10 mM NaCl were spray-deposited on PE, and the effects of 

analyzing these samples with 1 mM and 10 mM serine in 50% MeOH:H2O as desorption spray 

were investigated (Figure 3.3). With 1 mM NaCl (Figure 3.3 (a)), the signal was considerably 

deteriorated compared to cytochrome c without added salt (Figure 3.2 (a)). However, protein 

peaks could still be detected with S/N>10. With 10 mM NaCl, protein peaks were hardly 

detectable (Figure 3.3 (b)). 

 

Figure 3.3. Representative DESI-MS spectra of cytochrome c spiked with 1 mM NaCl (left) and 
spiked with 10 mM NaCl (right) when analyzed by methanol-water desorption spray and serine 
in DESI-MS. (a) and (b) 50% MeOH:H2O (no additive), (c) and (d) 1 mM Ser in 50% 
MeOH:H2O, (e) and (f) 10 mM Ser in 50% MeOH:H2O. (Int: absolute intensity of protein 
highest intensity charge state). 

 
 

By adding 1 mM serine to desorption spray, the protein signal was significantly improved 

for both samples. The charge states also shifted from mostly native state like to higher values 

indicative of protein unfolding (Figure 3.3 (c) and Figure 3.3 (d)) as was also previously reported 
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for a variety of proteins when analyzed by ESI.158 Unlike the results shown on the analysis of 

cytochrome c with no added NaCl, 10 mM serine in desorption spray did not suppress protein 

signal and in fact, gave a signal intensity improvement close to the one obtained by addition of 1 

mM serine (Figure 3.3 (e) and Figure 3.3 (f)). This suggested that the optimal concentration of 

serine and the tolerance for the amount of serine in desorption spray could also be dependent on 

the amount of sodium present in the sample. 

The exact ratio of serine to sodium ion concentration is more complicated to determine in 

DESI compared to ESI, as it is dependent on the size of the desorption footprint of the DESI 

spray, the exact composition of the primary solvent droplet as it reaches the surface, the final 

concentration of serine in the droplet, and surface concentration of sodium. A rough estimation 

of the ratios can, however, be attempted based on simple calculations: For a sample stage scan 

speed of 150 μm/s and an estimated 200 μm diameter DESI desorption footprint, approx. 1.80 

mm2 of a sample surface is analyzed per minute. When 80 μM protein sample is spiked with 10 

mM NaCl and sprayed onto a PE surface, samples with surface concentrations of 25 pmol/mm2 

protein and 330 pmol/mm2 NaCl were prepared. This leads to an estimated 6000 pmol salt 

present during the DESI analysis per minute, assuming complete removal from within the DESI 

footprint. For cytochrome c spiked with 1 mM NaCl, 600 pmol salt was analyzed under the same 

conditions per minute. The amount of serine delivered by DESI droplets when 1 mM or 10 mM 

serine was added into the 5 μL/min spray is estimated to be 5000 pmol and 50,000 pmol per 

minute, respectively. 

It was previously shown that serine desalts native proteins during ESI-MS.176 A decrease 

in the amount of sodium adduction with DESI-MS (as seen in Figure 3.3 and Figure 3.4) was 

expected as it is widely believed DESI and ESI share a similar ionization mechanism. In the 
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same study, the optimal ratio between serine and sodium ion was reported to be 10:1. However, 

their approach was described to be less effective for sodium concentrations above 2 mM. 

Although not directly comparable, when considering the sodium ion concentration in the original 

sample solution before deposition, serine in DESI is capable of removing higher concentrations 

of salt from proteins compared to ESI. 

The same study also suggested that the sodium removal effect is due to the direct binding 

of free amino acids to sodium ions. This conclusion was derived from comparing the sodium 

removal effect of five different amino acids with empirical findings on sodium affinity of amino 

acids. Amino acid sodium affinities increase in the following order: Gly, Ala, Cys, Val, (Leu, 

lle), Ser, Met, Thr, (Phe, Pro), Asp, Tyr, (Glu, Lys), Trp, Asn, Gln, His,188 where the amino 

acids studied by Clarke et al.176 are highlighted in bold. Both alanine and glycine in the study by 

Clarke et al. were less successful than histidine, lysine, and serine in sodium removal. During 

DESI experiments, sodiated serine ion was observed in the spectrum. Curiously, at higher serine 

concentrations, when serine dimers and octamers were also observed during experiments, only 

protonated clusters were present. 

Another important consideration of amino acid behavior in electrospray is proton affinity, 

as it can affect the ionization of proteins by competing for available protons in the electrospray 

with protein molecules during the ionization process. Proton affinity of 20 common α-amino 

acids has been computationally calculated189-190 and compared.191 As reported by Clarke et al., 

the shift in charge state distribution when histidine or lysine was added to the electrospray is 

evidence of the competition for charge between these amino acid additives and protein. With 

DESI, the data presented in Figure 3.2 and Figure 3.3 showed a shift to the higher charge states 

in the bimodal distribution of protein peaks with the addition of serine to 50% MeOH:H2O in 
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desorption spray. However, for already denatured protein envelopes, such as those obtained 

when ammonium bicarbonate was also present in the desorbing solvent system, a slight decrease 

in HICS (highest intensity charge state) or HOCS (highest observed charge state) were observed 

(Figure 3.2). 

For protein standards deposited out of solutions containing high NaCl concentrations, 

when analyzed together with 200 mM ammonium bicarbonate as desorbing spray additive in 

Figure 3.4 (e) and (f), improvements relative to the spectra shown in Figure 3.3 (a) and (b) are 

already evident, since ammonium bicarbonate also aids in sodium adduct removal, as described 

in our earlier paper.181 However, the addition of 1 mM serine further improved the intensities of 

the protein HICS when 1 mM or 10mM NaCl was present (Figure 3.4 (a) and (d)). Since, with 

this denaturing desorption solvent composition, most of the signal is concentrated in higher, less 

adducted charge states, it appears that serine does so through a mechanism different from sodium 

adduction removal. 

 

Figure 3.4. Cytochrome c spiked with 1 mM NaCl (left) and 10 mM NaCl (right), sprayed with 
200 mM ammonium bicarbonate (ABC) in 50% MeOH:H2O and 1 mM serine and 10 mM Ser as 
additive. Int: intensity of HICS. 



40 
 

3.3.2 Effect of serine on increasing signal intensity 
 

As seen in Figure 3.4, another interesting effect was observed when serine was added to a 

solution also containing the denaturing additive ammonium bicarbonate, where its presence 

caused significant improvement in signal intensity in DESI-MS. Contrary to native-state 

conserving spray where the signal stays constant or is even slightly reduced (Figure 3.2), a 

significant improvement in signal intensity of HICS and integrated signal intensity of 

deconvoluted protein peak was observed for proteins under denaturing conditions of 200 mM 

ammonium bicarbonate. To study this effect further, 0.1% formic acid was also used as a 

denaturing co-additive on multiple proteins and compared to when ammonium bicarbonate and 

serine was present (Figure 3.5). 

 

 
Figure 3.5. Effect of 1 mM serine with different co-additives on integrated signal intensity in 
DESI-MS of proteins. Error bars represent ± mean standard deviation. Deconvoluted spectra 
compare the protein signal when serine is added to the solvent system (red) to when there is no 
serine (black). Solvent systems are 50% MeOH with 200mM ammonium bicarbonate (ABC), or 
0.1% formic acid (FA). The proteins are (a) cytochrome c, (b) myoglobin and (c) carbonic 
anhydrase II. 
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Under denaturing conditions much less adduction is usually observed since additives 

such as formic acid and ammonium bicarbonate both reduce adduction and due to the denatured 

state of the protein less adduction is typically observed for higher charge states. From the 

deconvoluted spectra in Figure 3.5, it can be observed that the overall extent of adduction did not 

change much with addition of 1 mM serine, relative to solutions that already contain formic acid 

or ammonium bicarbonate. This suggests that signal intensity improvement is not only related to 

adduct removal. The improvement was dependent on protein pI and solvent system composition. 

For high pI protein (cytochrome c), improvement was achieved with both formic acid and 

ammonium bicarbonate. On the other hand, low pI proteins (myoglobin and carbonic anhydrase) 

only showed an improvement with serine and formic acid, but when used with ammonium 

bicarbonate, a reduction in signal was observed. Representative spectra are presented in Figure 

3.6. 
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(a) 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.6. Representative MS spectra of proteins in Figure 3 with denaturing additives formic 
acid (FA) and ammonium bicarbonate (ABC) and 1 mM serine. (a) Cytochrome c, (b) 
Myoglobin and (c) Carbonic anhydrase II. Each panel in (a), (b) and (c) is normalized to the 
highest intensity charge state achieved for the best additive. 
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Similarly, bovine serum albumin (BSA) spectra were also only improved with serine and 

formic acid in the solvent system (Figure 3.7). The relationship between additives and protein pI 

has been reported and investigated before. Pan et al.183 demonstrated that the maximum signal in 

positive mode is obtained when solution pH is about 3 units below the protein pI. Moreover, our 

previous publication also showed that proteins with high pI yield more improvement with 

ammonium bicarbonate in DESI compared to low pI proteins.181 

 

Figure 3.7. DESI-MS spectra of Bovine serum albumin (BSA), a low pI protein with molecular 
weight of 66 kDa, with and without serine in solvent system. Int: intensity of highest intensity 
BSA peak. 

 
 

Indeed, several studies show that solvent pH and protein pI influence protein ionization in 

charge residue model (CRM) of electrospray ionization process.164, 183 The isoelectric point of 

carbonic anhydrase II and myoglobin (pI = 4.7 and 6.8 respectively) are higher than the pH of 

0.1% formic acid (pH=2.5) but lower than the pH of ammonium bicarbonate solution (pH=6.7), 

while cytochrome c pI (10.8) is higher than the pH of the ammonium bicarbonate solution. While 
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it can be argued that the improvement in integrated protein signal intensity from the addition of 

serine to denaturing additives could be a result of adduct removal from lower charge states, it 

should be kept in mind that the contribution of these charge states to the overall signal intensity 

of protein (i.e., integrated intensity values shown in bar graphs of Figure 3.5) is minor. 

Preliminary data showed significant improvement in the signal of myoglobin when analyzed 

from an untreated raw meat imprint, analyzed with 100 µM serine in 80:20 ACN:H2O and 0.2% 

formic acid (Figure 3.8), suggesting the potential of serine as an additive for improving protein 

detection from biological tissues. This effect was further explored by additional experiments 

discussed in the next section. 

 
 
 
 

Figure 3.8. DESI-MS analysis of raw meat extract on absorbent fabric with a) 80:20 ACN:H2O 
and 0.2% formic acid, b) 100 µM Ser in 80:20 ACN:H2O and 0.2% formic acid. Myoglobin 
protonated charge states are indicated with red dots. 
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3.3.3 Concentration dependency of signal improvement in DESI 
 

Different concentrations between 1 µM to 10 mM of serine in 50% MeOH:H2O with 200 

mM ammonium bicarbonate for cytochrome c and 0.1% formic acid for carbonic anhydrase were 

used as DESI solvent. The protein samples were analyzed without the addition of NaCl to 

highlight the improvements in signal intensity through a mechanism believed to be distinct from 

adduct removal. As can be observed in Figure 3.9 (a) and 3.9 (c), with increasing amounts of 

serine there was an increase in protein peak intensity up to the point that non-volatile clusters and 

serine adducts induced ion suppression and decreased protein signal. With DESI, the signal 

improvement vs. serine concentration followed a similar trend for both cytochrome c and 

carbonic anhydrase (Figure 3.9 (a) and 3.9 (c)). 
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Figure 3.9. Integrated signal intensity for deconvoluted spectra with various concentrations of 
serine. The intensities for (a) cyt c and (c) CAII by DESI improve with serine addition, while the 
intensities of (b) cyt c and (d) CAII by ESI do not improve. 
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Micromolar concentrations appeared more effective at signal improvement, and high 

concentrations (5 mM and 10 mM) significantly decreased signal intensity due to ion 

suppression that is presumably caused by serine clusters. In concentrations above 1 mM, 

protonated serine dimer [Ser2+H]+ at m/z 211 and protonated serine octamer [Ser8+H]+ at m/z 

840 became the most abundant species, strongly dominating the spectra (Figure 3.10 (c)). 

 

Figure 3.10. Comparison between representative spectra of DESI (panel a-c) and ESI (panel d-f) 
with different concentrations of serine additive in 0.1% formic acid for analyzing carbonic 
anhydrase II, (Int: absolute intensity of protein HICS). 
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Another interesting observation was the formation of protein–serine adducts that spread 

the protein signal into multiple peaks, thus decreasing signal intensity for carbonic anhydrase 

(Figure 3.10 (c)) and for cytochrome c (Figure 3.11 (c)). A concentration in the range of high 

micromolar up to 1 mM serine improved signal effectively without inducing adducts and 

suppressing protein ions. Looking at the spectra in Figure 3.10 and Figure 3.11, the intensity of 

many charge states, including HICS were increased by the addition of different amounts of 

serine to the DESI spray. Interestingly, contrary to native-like conditions where the addition of 

serine caused protein unfolding (Figure 3.3), in denaturing solutions increasing concentrations of 

serine caused a shift to lower charge states in both DESI and ESI, as observed in Figure 3.10 for 

carbonic anhydrase and Figure 3.11 for cytochrome c. 

 

Figure 3.11. DESI vs. ESI of cytochrome c, analyzed with 200 mM ammonium bicarbonate 
(ABC) and different concentrations of Ser. Int: intensity of HICS. 
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Other amino acids were previously shown to have a stabilizing effect on protein in high 

concentrations.148 Figure 3.12 shows the analysis of hemoglobin and cytochrome c with 0.1% 

formic acid in 50% MeOH:H2O and equimolar concentrations of arginine (Arg) and glutamic 

acid (Glu) in the desorption spray of DESI. This suggests that the signal intensity improvement is 

not specific to serine and further supports the role of the solution stabilizing effect in the 

observed signal improvements. 
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Figure 3.12. A mixture of 50 pmol/mm2 each of hemoglobin and cytochrome c natively 
deposited out of water and analyzed by DESI with 0.1% formic acid in 50% MeOH:H2O and 
various concentrations of an equimolar mixture of arginine (Arg) and glutamic acid (Glu). 
Representative spectra of (a) 0.1% formic acid in 50% MeOH:H2O (no amino acid additive) and 
(b) 10 µM Arg+Glu in 0.1% formic acid in 50% MeOH:H2O. Charge states of two proteins are 
marked with red triangles (hemoglobin) and blue circles (cytochrome c). Int= highest intensity 
charge state. 
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3.3.4 DESI vs. ESI and signal improvement 
 

Interestingly, this improvement in integrated signal intensity was not detected with ESI. 

Figure 3.9 presents the results of 10 µM cytochrome c with different concentrations of serine in 

200 mM ammonium bicarbonate and 10 µM carbonic anhydrase with 0.1% formic acid when 

directly analyzed by micro-ESI using a similar emitter as used for DESI but pointed directly at 

the inlet. In ESI, unlike DESI, no significant signal improvement was observed with the addition 

of serine. However, similar to DESI, at higher concentrations of 5 mM and 10 mM serine, signal 

suppression was an issue, especially for carbonic anhydrase (Figure 3.9 (c) and 3.9 (d)). The 

signal improvement was not observed in ESI under similar conditions (with similar 

concentrations of ammonium bicarbonate for cytochrome c and formic acid for carbonic 

anhydrase II). 

This also supports the hypothesis that serine could play a facilitating role in the 

desorption or ‘droplet pickup’ mechanism of DESI, rather than through adduct removal or some 

other process relating to ionization. This signal improvement by serine in DESI can originate 

from either increasing dissolution or solubility during the droplet pick-up process, an effect that 

plays no role in ESI. Previous studies were able to show an improvement in DESI ion signal by 

adding very low concentrations of surfactants to standard 50% MeOH:H2O solvent spray.192 As 

mentioned previously, multiple studies have highlighted the role of amino acids in improving 

protein solubility and keeping proteins in solution by inhibiting aggregation.148, 150, 154 It seems 

likely that there is a link between inhibition of protein aggregation and improving protein signal 

in DESI. Based on the data, serine improves protein solubility in the micro-localized liquid layer 

formed on the surface during the desorption step of DESI. This effect could be caused by 

reducing denaturation-induced aggregation by inhibition of nonspecific interaction of exposed 
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hydrophobic cores of unfolded proteins, based on a mechanism previously suggested for other 

amino acids and their role in improving protein solubility.193 

 
3.4. Conclusion 

 
Similar to previous ESI results, serine is a successful additive in significantly reducing 

sodium adduction from natively analyzed protein in DESI. Interestingly, serine was successful in 

the removal of 10 mM sodium from cytochrome c, whereas in ESI, only concentrations up to 1 

mM seemed to benefit from the addition of serine to the ESI working solution. Other than salt 

removal, significant signal improvement was achieved when a suitable denaturing co-additive 

was combined with serine in the desorption spray. The effect was dependent on matching protein 

pI and solvent system pH. The combination of micromolar concentrations of serine with formic 

acid seems to be most effective in improving the protein signal for both low and high pI proteins. 

In cases where an acidic solution is not desirable, ammonium bicarbonate can also improve the 

signal intensity of high pI proteins. Since this enhancement in signal intensity of denatured 

proteins was not observed by similar ESI experiments, we propose that serine improves the 

dissolution of dried protein spots during formation of the micro-localized liquid layer in DESI by 

increasing protein solubility. A possible mechanism of this effect based on previous studies 

through inhibition of protein aggregation during denaturing conditions seems likely. Overall, 

serine was shown to be an effective additive for improving detection of proteins with DESI by 

enhancing signal intensity and S/N. 
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4.1. Introduction 
 

Understanding the mechanisms governing protein solubility and aggregation at the 

molecular level is of great importance to many fields including biochemistry, pharmaceutical 

sciences, and clinical studies.1-3 Osmolytes are a diverse group of small molecules naturally 

selected to protect proteins against different stress factors while maintaining protein function4-5 

and have widespread applications in many fields.6-7 Naturally occurring amino acids are amongst 

the osmolytes that have been studied for nearly four decades8 for enhancing protein solubility 

and reducing protein aggregation.9-11 The effect of arginine (Arg)12 on suppressing protein 

aggregation13 and the stabilizing effect of several other amino acids, including glycine (Gly),14-15 

proline (Pro),16-20 histidine (His),21 alanine (Ala),22 glutamic acid (Glu) - arginine mixtures,23 and 
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small amines24-25 have demonstrated the ability of amino acid additives to stabilize proteins 

under stress conditions and to improve protein solubility by suppressing aggregation. 

Despite decades of extensive studies, there is no unified theory that can explain how 

amino acids inhibit protein aggregation.26 Progress has been made to successfully differentiate 

between the effects of additives on native versus unfolded or denatured structures.27 Some 

additives help stabilize the structure of native proteins and therefore improve stability, whereas 

others may destabilize the native structure or show little effect on protein structure but 

effectively suppress aggregation.28-32 Amongst the proposed mechanisms, preferential interaction 

theory,33-36 the crowding effect37-38 and/or the gap effect39 have been widely studied. These 

proposed mechanisms have predominantly been examined or modeled at high concentrations of 

additives (in  50 mM range) in bulk solution by conventional biophysical techniques,31, 40-42 and 

have not yet been studied at micro-scale with techniques that can operate at lower quantities and 

concentrations. 

Desorption electrospray ionization mass spectrometry (DESI-MS) couples extractive- 

desorption of the samples with electrospray ionization.43 The analysis of samples in DESI occurs 

via the droplet pickup mechanism,44 where charged droplets of solvent impact the sample, and a 

thin, localized solvent layer is formed on the surface, dissolving the analytes. Progeny droplets 

containing the extracted analyte are formed via subsequent droplet collisions and undergo 

electrospray ionization processes. 

DESI provides similar spectral information of proteins to what is obtained with ESI- 

MS45-47 albeit at lower intensities, and the technique especially struggles with larger proteins.45, 48 

Various approaches have been developed to improve DESI analysis of proteins. For example, 
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coupling ion mobility separation with DESI,49-50 creating a very short sampling pathway51 and 

using a pre-wetting technique.52 By deconstructing DESI and independently investigating protein 

desorption and ionization, we confirmed that inefficient protein dissolution during the short 

timescale of DESI is a major contributor to the lower protein signal.48, 53 

Non-specific protein aggregates in concentrated solutions or droplets, such as those generated by 

electrospray are prevalent, and the formation of aggregates in both bulk solution and droplets due 

to weak non-covalent interactions is well-established.54-55 Aggregate numbers close to 20 were 

observed in the subpopulation of droplets with apparent diameters near 220 nm and protein 

concentration of 4 µM, and the probability of higher aggregate numbers increase with higher 

protein concentrations and larger droplet sizes.56 Considering the thin, micro-localized solvent 

layer on the sample surface, into which proteins are dissolved, and the size of DESI progeny 

droplets (average 1-4 µm),57 aggregates can form extensively due to the high concentration of 

unfolding protein, resulting in protein signal reduction. The solubility of proteins in the 

desorption solvent and aggregate formation directly affects the efficacy of protein dissolution58 

in the desorbing solvent during the short DESI time frame,59 which provides a reasonable 

explanation of why the analysis of proteins by DESI-MS is inherently more difficult than small 

molecules.45, 48 

Additives have been a convenient approach for improving protein solubility in DESI. We 

previously explored approaches such as gas-phase additives, for example vapors of ethyl 

acetate,60 and solution-phase additives such as ammonium bicarbonate61 and the amino acid L- 

serine62 in order to enhance protein analysis by DESI-MS. 
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Applications of amino acid additives in ESI-MS of proteins have been explored relatively 

recently. The stabilizing effect of amino acids against thermal denaturation of non-covalent 

protein complexes in ESI-MS was reported and contributed to ion ejection and reduced columbic 

repulsion.63 The stabilizing effect of amino acids and imidazole on protein-ligand ions against in- 

source fragmentation during ESI-MS has also been studied and reported as highly dependent on 

ESI conditions and instrumentation64 and likely related to an evaporative cooling mechanism.65 

It has been shown that amino acid additives, L-serine in particular, can improve protein analysis 

by removing sodium adducts from high NaCl concentration in the protein sample during native 

ESI66 and DESI.62 Since DESI progeny droplets follow the same ionization process as ESI 

droplets,44 the desalting effect of L-serine, which was observed in both types of experiment, is 

likely related to the electrospray ionization process. On the other hand, L-serine also increased 

signal intensity of purified proteins in DESI-MS when combined with formic acid or ammonium 

bicarbonate as co-additives, but no such effect was observed in ESI-MS of similar protein 

solutions, indicating that this effect is independent of electrospray ionization processes and 

related to protein dissolution and desorption. 

With DESI-MS and ESI-MS the analysis of proteins occurs via the same ionization 

mechanisms, therefore, relative changes in signal between these two techniques provide a 

window into studying protein dissolution and desorption.48,53 With DESI, the short but 

controllable interaction time of proteins with denaturing solvents and additives before detection 

allows one the unique opportunity to study protein unfolding during dissolution, while in non- 

native ESI, unfolding has already occurred during sample preparation, long before protein 

detection. In this study, we interpret relative changes in protein signal intensities as protein 
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dissolution effects, after controlling for possible ionization differences using comparable 

experiments in ESI. We demonstrate that mechanistic insights into the effects of solution-phase 

additives on proteins can be obtained at much lower additive concentrations and protein 

amounts, compared to most biophysical techniques that are commonly used for this purpose. 

 
4.2 Experimental 

 
4.2.1 Materials 

 
Lyophilized equine heart cytochrome c (Cyt c, 12.3 kDa, pI=10.3) and equine muscle 

myoglobin (Myo, 17.5 kDa for holo-myoglobin, pI=7.4) were purchased from Sigma-Aldrich 

(St.  Louis,  MO).  Proteins  were  at   95%  purity  and  were  used  without  further  purification. 

BioUltra grade ammonium bicarbonate (ABC), ammonium acetate (NH4OAc), A.C.S. grade 

ammonium hydroxide (NH4OH), HPLC-MS grade methanol (MeOH), LC-MS grade formic acid 

(FA) and all amino acids ( 98%) were purchased from Sigma-Aldrich (St. Louis, MO) except N- 

acetyl L-serine which was purchased from Carbosynth (Berkshire, UK). Milli Q water was 

obtained from a Thermo-Barnstead Water Polisher. Fused silica capillaries were purchased from 

Trajan Scientific (Ringwood, Australia). Porous polyethylene surfaces (PE) with an average pore 

size of 15-45 μm (POREX-4900) were purchased from Interstate Specialty Products (Sutton, 

MA). PTFE plates were purchased from Prosolia Inc (Indianapolis, IN). 

 
4.2.2 Sample preparation and solvent systems 

 
Stock solutions of each protein were made by dissolving the lyophilized protein powder 

in Milli Q water to a final concentration of 800 µM or 80 µM depending on the desired surface 

concentration. Protein solutions were sprayed on the surface with a pneumatically-assisted 
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nebulizer spray made of two coaxial fused silica capillaries similar to an ESSI sprayer.67 The 

sprayer was orthogonally positioned at 3 mm above the surface. Nebulizing gas pressure and 

flow rates were 100 psi and 3 µl/min respectively, and the stage was moved at 150 μm/s, 

resulting in long homogenous protein lines deposited with 1.1 ± 0.1 mm widths. The average 

surface concentration of these protein lines was approximately 22 pmol/mm2 for all DESI 

experiments with the exception of spectra in Figure 4.1 and Figure 4.2 which were obtained from 

protein lines with an approximate surface concentration of 10X higher (222 pmol/mm2) in order 

to obtain clear and comparable spectra for all different solvent systems regardless of the 

inherently lower sensitivity of the non-acidic solvents. For PTFE slides, 3 µl volumes of 20 µM 

aqueous protein solutions were micro pipetted on the slide and dried under vacuum for 30 

minutes at approximately 85 kPa. The diameter of the dried spot was approximately 1.2 mm, 

resulting in average protein surface concentration of 24 pmol/mm2. ESI experiments used 10 µM 

protein in the appropriate solvent systems. 

All DESI desorption solvent systems were made in 50% MeOH:H2O. Aqueous stock 

solutions of 2.0 M ammonium bicarbonate and 2.0 M ammonium acetate were used to prepare 

200 mM dilutions in 50% MeOH (approximately pH 8.0 and 7.3, respectively). LC-MS grade 

formic acid and ammonium hydroxide were used to prepare 0.1% (v/v) formic acid and 1% (v/v) 

ammonium hydroxide in 50% MeOH (approximately pH 3.0 and 10, respectively). Serial 

dilutions from aqueous amino acid stock solutions were used to make 100 μM amino acid in the 

solvent system. The pH of aqueous solutions was measured at room temperature with a Mettler 

Toledo Seven Easy pH meter (Columbus, OH) equipped with an InLab Expert pH electrode. 
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Similar to previous relevant studies,68 the reported pH values were not corrected for the influence 

of MeOH as it was deemed inconsequential to the experiments. 

 
4.2.3 Instrumentation and experimental parameters 

 
A linear ion trap mass spectrometer, LTQ (Thermo Scientific, Waltham, MA, USA) was 

combined with a 3-dimensional translational stage (Purdue University, West Lafayette, IN, USA) 

for DESI analyses. An extended ion sampling capillary with a 5 cm extension was purchased 

from Scientific Instruments Inc. An electrospray emitter and desorption sprayer was prepared 

from a Swagelok T-piece and two pieces of coaxial fused silica capillary tubing.67 The outer 

capillary (for sheath gas) was approximately 20 mm in length with an outer diameter of 430 μm 

and an inner diameter of 320 μm. The internal capillary (for solvent) had an outer diameter of 

220 μm, and an inner diameter of 50 μm. The solvent capillary extended through the T-piece and 

was connected to a syringe pump which delivered the solvent. 

DESI sprayer incident angle was 54°. The distance between the desorption sprayer and 

heated extended capillary was 4 mm. The tip of the desorption sprayer was 1 mm above the 

surface. ESI experiments were performed under the same conditions as DESI, but protein 

solutions were directly sprayed towards the heated extended capillary using the same sprayer. 

Spray potential was set at 4.0 kV and was applied to the liquid junction of a stainless- 

steel syringe needle which delivered solvent at a flow rate of 5 μL/min, with N2 as nebulizing gas 

at 100 psi. Capillary temperature was set at 250°C. LTQ ion optic parameters were optimized by 

LTQ TunePlus automatic tuning feature for each protein highest intensity charge state (HICS) 

peak, using direct infusion of 5 μM protein in each solvent system. 
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4.2.4 Data analysis 
 

Mass spectra were collected and viewed in Xcalibur Qual Browser (2.0.7). At least three 

independent trials were collected for each solvent system. In each trial three protein sample lines 

or spots were perpendicularly scanned and averaged. Signal intensities were calculated as the 

average of three trials and error bars represent ± mean standard deviation. MagTran software 

(1.03) was used for charge state deconvolution and calculation of integrated protein signal 

intensity and S/N as described by Zhang and Marshall.69 

 
4.3 Results and discussion 

 
4.3.1 Influence of solvent composition on protein signal increase by L-serine 

 
Previously, we showed that the addition of low millimolar L-serine concentrations into 

50% MeOH:H2O desorption solvent can improve sensitivity for protein detection by DESI-MS 

in the presence of 1 mM and higher concentrations of NaCl,62 similar to observations reported in 

native ESI-MS experiments.66 However, L-serine also increased signal intensity of purified 

proteins in DESI-MS when combined with formic acid or ammonium bicarbonate as co- 

additives, but no such effect was observed in ESI-MS of similar protein solutions. To investigate 

the role of solvent composition on the mechanism governing increased protein signal in DESI- 

MS with addition of L-serine, the combination of L-serine with the following four solvent 

systems were compared: formic acid, ammonium acetate, ammonium bicarbonate, and 

ammonium hydroxide. All solvents were made in 50% MeOH:H2O, and therefore 50% 

MeOH:H2O was treated as the additive-free control. Out of the five different solvent systems, 

only the formic acid-containing solution showed an increase in protein signal with L-serine 

addition for both cytochrome c and myoglobin. However, L-serine was also able to increase the 
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signal intensity for cytochrome c in ammonium bicarbonate containing solutions, as seen in 

Figure 4.1. A complete set of representative spectra for all five solvent systems and changes in 

protein signal intensities with L-serine addition can be found in Figure 4.2 and Table 4.1. 

 

 
Figure 4.1. Representative DESI-MS spectra of natively deposited cytochrome c and myoglobin 
analyzed without L-serine and with 100 µM L-serine. DESI-MS spectra of natively deposited 
cytochrome c and myoglobin analyzed without L-serine (shown in black) and with 100 µM L- 
serine (shown in red). (a), (c) 0.1% formic acid in 50% MeOH without L-serine, and (b), (d) with 
100 µM L-serine. (e), (g) 200 mM ammonium bicarbonate in 50% MeOH without L-serine, and 
(g), (h) with 100 µM L-serine. The absolute intensities reported are the average intensity of the 
highest observed charge state (HICS) for the protein in each desorbing solvent system. 
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Figure 4.2. Representative DESI-MS spectra of natively deposited cytochrome c and myoglobin 
analyzed with five different desorption solvent systems with 100 µM L-serine. Solvent systems 
containing L-serine (shown in red) and without it (shown in black) are arranged by increasing 
pH. (a), (b) 0.1% formic acid in 50% MeOH. (c), (d) 50% MeOH. (e), (f) 200 mM ammonium 
acetate in 50% MeOH. (g), (h) 200 mM ammonium bicarbonate in 50% MeOH. (i), (j) 1% 
ammonium hydroxide in 50%MeOH. The intensities reported are the average intensity of the 
highest observed charge state (HICS) of the protein in each solvent system with L-serine (in red) 
and without it (in black). 
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Table 4.1. Improvement in signal intensity for each protein with addition of L-serine to the five 
different solvent systems. 

 
 
 

 
 

An important consequence of changing solvent additives is the solution pH and the effect 

this can have on the protonation state of sample species. Serine was added into solvent systems 

that spanned a pH range of 3 to 10. The estimated protonation populations of serine and the 

protein net charge in the different pH ranges can be found in Table 4.2. Although the solution pH 

can affect serine protonation state, and therefore population ratios of different serine species in 

the solution, in all solvent systems except ammonium hydroxide, zwitterionic serine is the 

predominant form. No correlation between desorption solvent pH and increased protein signal 

intensities with L-serine was observed. 
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Table 4.2. Approximate net charge on protein and serine in different solvent systems. 
 
 

 

The other important consequence of changing solvent composition is protein 

conformational changes. Lower charge states, indicative of more folded protein conformations, 

were observed with desorbing solvents containing 50% MeOH, and when ammonium acetate or 

ammonium hydroxide was added into this solvent (Figure 4.2). In ammonium acetate and 

ammonium hydroxide the change in protein signal intensities with serine addition was not 

statistically significant (p-value>0.05) and in the additive-free solvent system the signal even 

deteriorated. Signal suppression in the additive-free solvent system is likely due to extensive 
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formation of nonspecific adducts and spreading of the protein signal over multiple peaks which 

causes a reduction in the signal intensity of the highest intensity charge state (HICS). As can be 

observed in Figure 4.2 (d) and (f) for myoglobin, the extensive overlapping peaks resemble non- 

specific adduction of small molecules to proteins.70-71 

In contrast, protein signal intensities increased by a factor of 3.8±0.1 for cytochrome c, 

and by a factor of 4.3±0.3 and 3.5±0.2 for apo-myoglobin and holo-myoglobin, respectively, 

with addition of L-serine to the desorption solvent containing 0.1% formic acid (Figure 4.1 

(c,d)). Similarly, with the addition of L-serine to 200 mM ammonium bicarbonate as desorption 

solvent, cytochrome c signal intensity increased by a factor of 3.1±0.2 (Figure 4.1 (e,f)). The 

signal intensity for myoglobin, on the other hand, increased only by a factor of 1.2±0.2 (Figure 

4.1 (g,h)), which was not statistically significant (p-value>0.05). Extensive unfolding was also 

observed for both proteins, despite the near-neutral pH of the solvent system and buffering by 

ammonium bicarbonate. It was previously proposed that protein unfolding with ammonium 

bicarbonate containing solutions during ESI is likely due to protein destabilization inside the 

heated electrospray droplets, either because of an increase in hydrophobic surface area by bubble 

formation, or due to electrothermal supercharging.61, 72-73 

A comparison between the two proteins suggests that this difference could be related to 

protein net charge in solution. Cytochrome c and myoglobin are both single-chain peptides of 

similar size (12.3 kDa and 16.9 kDa, respectively), but their isoelectric points are approximately 

10.374 and 7.4,75 respectively. This difference in isoelectric points results in myoglobin having a 

negative to near neutral net charge in ammonium bicarbonate solution, whereas cytochrome c 
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has a positive net charge. Likewise, protein net charge is an important factor in determining the 

effect of Hofmeister series and osmolytes on protein solubility.76-77 

Therefore, as evident from a comparison between the behaviors of the two proteins in the 

four desorbing solvent systems, a denaturing desorbing solvent and protein with a net positive 

charge are key factors in the mechanism governing the substantial improvement in protein signal 

with L-serine. 

 
4.3.2 Role of protein conformational change and serine addition timepoint 

 
To investigate the role of protein conformation prior to the interaction with L-serine, 

cytochrome c and myoglobin were spray-deposited out of aqueous solution (native-like 

conformation) or out of 0.1% formic acid solution (unfolded conformation) and analyzed with a 

desorption spray solvent containing 0.1% formic acid in 50% MeOH in the presence or absence 

of 100 µM L-serine. As seen in Figure 4.3, for both cytochrome c and myoglobin, signal 

intensities of proteins deposited in native conformation (top panel) increased more with serine 

addition than when proteins were already unfolded before serine addition (bottom panel). The 

signal intensity for natively deposited cytochrome c and apo-myoglobin increased by a factor of 

2.6±0.3 and 3.8±0.8, respectively. Despite using 50% MeOH and formic acid as the desorbing 

spray solvent, holo-myoglobin signal was also observed for the natively deposited sample and 

increased by a factor of 3.5±0.2 with serine addition, as seen in Figure 4.3 (b). When the samples 

were deposited out of denaturing solution, serine addition achieved only mild increases in the 

signal of 1.3±0.3 and 1.5±0.4 for cytochrome c and apo-myoglobin with p-values 0.098 and 

0.042, respectively (Figure 4.3 (g,h)). 
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Figure 4.3. Representative DESI-MS spectra of cytochrome c and myoglobin deposited from (a- 
d) aqueous solution vs. (e-h) acidic solution, analyzed with 0.1% formic acid in 50%MeOH 
(shown in black) or with 100 µM L-serine (shown in red). The intensities are scaled to the 
average intensity of highest observed charge state (HICS) for each protein when analyzed with 
100 µM L-serine. 

 
 

In the previous section we showed the importance of denaturing solvent systems for the 

beneficial effect of serine addition on signal intensities. The difference in relative improvements 
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between native and unfolded protein prior to analysis further indicates that serine should be 

present during the unfolding process. 

A similar increase in signal intensity does not occur under denaturing conditions upon the 

addition of L-serine when proteins are analyzed in solution using direct ESI infusion.62 Figure 

4.4 shows 10 µM of each protein, electrosprayed out of the exact solvent systems as for the DESI 

results in Figure 4.1 (a) and (b) and Figure 4.3 (0.1% formic acid in 50%MeOH). The order of 

adding formic acid and L-serine was also alternated to measure the effect of unfolding in bulk 

solution in the presence of L-serine. The addition of 100 µM L-serine to the working solution 

before and after protein unfolding through acidification made no meaningful difference in 

protein ESI signal intensity, although the changes in absolute signal intensity between adding 

serine first was statistically significant (p-value<0.05) for cytochrome c. Adding L-serine prior to 

acidification in bulk solution increased the signal for cytochrome c by a mere 1.3 times 

compared to when it was not present (p-value=0.001). On the other hand, when serine was added 

after formic acid addition to the cytochrome c solution, there was no statistically significant 

change compared to not having serine in the solution at all (p-value>0.05). In the case of 

myoglobin, addition of serine reduced the absolute signal intensity compared to no serine 

present, and there was no statistical difference between adding serine before or after formic acid 

(p-value=0.56), as seen in Figure 4.4. 
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Figure 4.4. Representative ESI spectra of cytochrome c and myoglobin unfolding in bulk 
solution. Bulk solution containing (a), (b) 0.1% formic acid only, (c), (d) containing 0.1% formic 
acid and 100 µM L-serine with formic acid added first followed by serine after mixing to the 
protein solution, and (e), (f) containing 0.1% formic acid and 100 µM L-serine with L-serine 
added first to the protein solution followed by formic acid. 

 
 

The lack of improvement in protein signal intensity in ESI reiterates that the 

improvement in protein signal intensity in DESI is likely related to the dissolution of proteins 

during desorption. We have previously shown that proteins desorb equally well from the surface 

in DESI, and poor dissolution, rather than physical desorption or ionization problems are the 

major contributor to poor DESI-MS signals for protein.48, 53 The lack of improvement in protein 

signal with L-serine in ESI (Figure 4.4) and the difference between timescales of unfolding and 

dissolution to ion detection in DESI versus ESI possibly point towards serine affecting the 

kinetics of dissolution, rather than a thermodynamic effect on solubility. These observations 
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together imply that dissolution of native proteins in denaturing solvents is positively influenced 

in the presence of L-serine as a solution additive, manifested by an increase in protein signal 

intensity measured by DESI-MS. 

 
4.3.3 Relating DESI observations with known models for suppression of protein 

aggregation by amino acids 
 

One of the most consequential repercussions of protein unfolding is aggregation. 

Mechanisms of protein unfolding and subsequent aggregation can involve non-covalent weak 

interactions such as hydrophobic and electrostatic interactions, hydrogen bonding, Van der 

Waals interactions, or covalent disulfide bonds.78 Many studies support the proposed mechanism 

that amino acid additives can improve protein solubility by suppressing aggregation of unfolded 

species or partially unfolded intermediates.79-80 This has been demonstrated using in-vitro and in- 

silico studies, by NMR, X-ray spectroscopy, and crystallography, often implicating direct 

binding to folding intermediates.12, 41, 81-83 

The exact mechanism of action for the prevention of aggregation by additives including 

amino acids is yet under debate,84 but here we place our observations from DESI-MS and ESI- 

MS experiments into the context of two widely studied theories on additive effects on protein 

solubility. Preferential interaction theory33-36 measures changes in thermodynamic properties 

such as the interaction of protein surface with additive and water in bulk solution. Based on this 

model, additives that stabilize protein, such as most osmolytes, including a number of amino 

acids, are preferentially excluded from the protein surface and can influence protein folding 

equilibrium.85 Other additives, such as urea and arginine that are not excluded from the surface 

of the protein and are weakly bound, do not stabilize native protein structure, but improve 
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protein solubility through aggregation suppression.85-86 In our data, L-serine did not shift the 

protein charge state distribution to those representing more folded charge states, and also 

destabilized myoglobin (Figure 4.3). Chen et al. have reported similar observations in ESI-MS of 

myoglobin in 20 mM ammonium acetate buffer with L-serine.63 Based on these observations and 

according to the preferential interaction theory, we propose that L-serine behaves as a 

destabilizing additive, and similar to arginine, binds to the protein through weak interactions to 

suppress protein aggregation. 

The gap effect theory differentiates between reversible or irreversible aggregation and 

non-native or native aggregation and has been proposed based on results from computational 

models and molecular dynamic simulations.39 Based on this model, as two protein molecules 

associate, a gap is formed in which an amino acid additive is considered neither preferentially 

bound nor completely excluded from the protein surface (known as a neutral crowder), while 

allowing water molecules to interact with proteins.87 Such additives increase the free energy of 

protein−protein association and slow aggregation, not because of changes in thermodynamic 

properties but based on a kinetic effect on protein association during aggregation. Comparison 

between Figure 4.3 and Figure 4.4 supports the hypothesis that L-serine is perhaps affecting the 

kinetics of protein aggregation during unfolding, which can be captured due to the short 

timescale of protein dissolution in DESI compared to the time between sample preparation and 

analysis by direct ESI. 

Recent studies have reported more evidence for direct interaction between amino acid 

additives and protein,42, 88-89 including FTIR spectroscopy and molecular dynamic simulations 

that show a direct interaction between proline and lysozyme42 and X-ray crystallography study 
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that show binding of glycine amide to hydrophobic residues of lysozyme.81 Non-covalent 

binding of multiple amino acids to native and denatured cytochrome c in ESI-MS has also been 

reported.90 It was proposed that the formation of stable non-covalent complexes with these amino 

acids depend on stable ionic interactions and successful formation of hydrogen bonds with 

specific charged residues of the protein, especially those with the least steric and electrostatic 

repulsion between amino acid additive and the protein. We also observed L-serine adducts with 

S/N>3 on charge states +7 to +12 at low temperatures (70oC) in both ESI-MS and DESI-MS 

(Figure 4.5). The presence of L-serine adducts on protein peaks in the denaturing solvent 0.1% 

formic acid in 50% MeOH provides evidence that interaction between unfolding protein and L- 

serine is possible. In the following sections, we further explore the possible direct interactions 

between L-serine functional groups and the protein. 

 

Figure 4.5. Representative deconvoluted spectra of cytochrome c shows presence of L-serine 
adducts on cytochrome c peaks that were detected at low temperature (70oC) in DESI and ESI 
with 0.1% formic acid in 50% MeOH with 100 µM L-serine as desorption solution and working 
solution respectively. 
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4.3.4 Investigating serine-surface interactions involved in mechanism of signal 
enhancement 

 
During the unfolding process, it is possible that the denaturing protein can bind more 

tightly with the surface as well as with other proteins in solution due to exposure of a larger 

surface area of either hydrophobic or polar amino acids from the protein core. To evaluate the 

potential role of serine disrupting protein-surface interactions, the more hydrophilic PE surface, 

that was used for the data presented in Figure 4.3 (a), was replaced with the more hydrophobic 

surface of porous PTFE, which has a different polarity and dielectric constant. As shown in 

Figure 4.6 (a), changing the identity of the surface to the more hydrophobic PTFE did not 

influence the extent of protein signal increase with the addition of L-serine to the solvent. 

Additional evidence for eliminating surface interactions from contributing to the 

beneficial L-serine effect is demonstrated in Figure 4.6 (b). To evaluate the potential for L-serine 

to disrupt protein surface interactions, L-serine was added to the surface before protein 

deposition, after protein deposition and premixed into protein stock solution. As demonstrated in 

Figure 4.6 (b), there was no statistical difference between these different methods of serine 

application (p-value>0.05), although it could be argued that there is considerable mixing 

occurring on the sample surface during the turbulent DESI analysis. Based on these observations, 

it is unlikely that protein-surface interactions play a dominant role in the beneficial effect serine 

has on protein signal with DESI-MS. Moreover, since similar improvements were observed with 

serine either in the desorbing spray or when applied to the sample prior to desorption confirms 

that the improvement in signal intensity is not due to changes in physical parameters, such as 

surface tension of the bulk desorption solvent. 
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Figure 4.6. Effect of surface identity and relative position of serine to protein. (a) 
Representative DESI-MS spectra of aqueous cytochrome c deposited on PTFE slides and 
analyzed with 0.1% formic acid in 50% MeOH (shown in black), and with 100 µM L-serine 
(shown in red). The reported intensities are the average intensity of the highest intensity charge 
state (HICS) for cytochrome c. The equivalent PE data is found earlier in Figure 2 (a). (b) Signal 
intensity of cytochrome c on PE analyzed with 0.1% formic acid in 50% MeOH (control) and 
100 µM L-serine in different places during the DESI-MS analysis. 

 
 

Curiously, having L-serine in the aqueous protein stock solution prior to sample 

deposition did not yield any improvement in protein signal intensity. When L-serine is mixed 

with the protein stock solution prior to the analysis, similar to ESI experiments, L-serine comes 

into contact with protein in bulk solution (fully hydrated protein), whereas for every other 

sample in Figure 4.6 (b), the L-serine point of contact with protein starts with the dried protein 
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dissolving into the desorption spray micro-localized layer (during the hydration process). The 

observations from Figure 4.6 (b) suggest that interaction between L-serine and the unfolding 

protein during the dissolution process results in the observed increases in protein signal intensity. 

 
4.3.5 Investigating possible intermolecular interactions of serine with protein during 

solvation of unfolding protein 
 

After eliminating the possibility of L-serine interrupting protein-surface interactions, we 

investigated L-serine-protein interactions through modifying the L-serine structure, including 

stereochemistry of the side chain, and blocking the functional groups, as well as comparisons 

between similar L-amino acids with the hydroxyl group side chain. 

The least benign modification could be changing the L enantiomer to D. As Shown in 

Figure 4.7, D-serine is not as effective as L-serine in improving protein signal, and the racemic 

mixture of serine was only slightly more effective than D-serine. This observation again suggests 

that the improvement in protein signal is not due to changes in the physical properties of the 

solvent, such as surface tension, but perhaps the consequence of direct interactions between the 

additive and protein. The role of stereoisomer also implies that a chiral interaction is part of the 

interaction between protein and L-serine. Chiral recognition has been shown to play a role in 

weak interactions and hydrogen bonding91 and also with chiral solute-water interaction in 

solutions.92 The chirality of L-serine can potentially affect the hydrogen bonding, especially with 

the peptide backbone of the protein, which has the greatest potential for hydrogen bonding and is 

sterically influenced by the chirality of the amino acids.93 
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Figure 4.7. Comparison between serine enantiomers and the racemic mixture when used as 
solvent additives for analysis of natively deposited proteins with 0.1% formic acid in 50% 
MeOH. 

 
 

Surprisingly the improvement in signal with a racemic mixture of serine was no more 

effective than D-serine, indicating that perhaps higher-order serine clusters are involved in the 

effect. Some precedent has been set for the role of clusters of both arginine and proline as protein 

aggregation suppressors.82,94 It is a possibility that L-serine clusters can affect protein 

aggregation through modulating protein-protein interactions in a similar manner. Although in our 

experiments the peak intensities of these higher-order serine clusters were not dominant, it is 

fascinating that serine, to an extent not reached by any other amino acid, forms unusually stable 

clusters, in particular serine octamer, with a remarkable preference for homochirality.95-96 Recent 

studies have validated that serine clusters indeed exist not only in the gas-phase, but also in 

solution, although at low concentrations.97-98 
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In Figure 4.8, the importance of each functional group on L-serine in its potential direct 

interaction with the unfolding proteins was investigated. We systematically modified the three 

functional groups on the serine molecular structure and compared the effects on protein analysis 

of these derivatives to L-serine. For both cytochrome c and myoglobin, any modifications on L- 

serine molecular structure resulted in a reduction of improvement in protein signal. 

 

 
Figure 4.8. L-serine derivatives with systematically altered functional groups as additives and 
their effect on signal intensities of natively deposited cytochrome c and myoglobin with 0.1% 
formic acid in 50% MeOH. The modifications are highlighted in red circles and include 
methylation of the hydroxyl group, amidification of the primary amine of serine, a secondary 
versus primary hydroxyl or amine, and moving the hydroxyl group further away. 

 
 

Removing the hydroxyl group from L-serine (by using L-alanine) had the least 

deleterious effect on signal enhancement and still improved the signal intensity, albeit not as 

effectively as L-serine. The strongest deleterious effect was observed with blocking the 

carboxylate group, noting the importance of this functional group in the interactions between L- 

serine and protein. Similarly, FTIR and molecular dynamic simulations have also reported that 
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the carboxyl group of proline plays a dominant role in direct proline-protein interactions.42 

Earlier, we demonstrated that L-serine is much more effective in improving protein the signal 

intensity of unfolding protein when the protein has a net positive charge (Table 4.2). One could 

speculate that the interaction between the negatively charged carboxyl group on the zwitterionic 

serine and positive charges on the protein contributes to the mechanism of protein dissolution 

improvement. 

The observation that all three functional groups of L-serine are important in the beneficial 

interaction with protein during dissolution can support one of two hypotheses: Zwitterionic L- 

serine could potentially have a direct interaction that involves all 3 functional groups interacting 

with positively charged unfolding proteins; Alternatively, homochiral serine clusters might be at 

play, as evidenced by lack of efficacy of racemic serine mixtures, and the potential for any 

structural changes to also affect clustering. To elucidate the exact points of interactions on 

protein, detailed investigations with complementary techniques such as molecular modeling is 

needed. 

 
4.4 Conclusion 

 
We demonstrated the application of DESI-MS combined with ESI-MS as a novel 

approach for probing the mechanism of solubility-enhancing additives such as amino acids by 

using L-serine as a model additive. The effects of L-serine on signal intensity were investigated 

by using five different native-state preserving and denaturing solvent systems, changing the 

protein conformation prior to interaction with the additive, and measuring changes in protein 

signal during unfolding in the bulk solution before and after addition of L-serine, versus 

unfolding during dissolution. These results were interpreted at the hand of existing models of 
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amino acid action on protein solubility. Our results indicate that protein-surface interaction 

interruption is unlikely to contribute to improvements in protein signal enhancement. We 

hypothesize that L-serine potentially influences protein-protein interactions by acting as a 

destabilizing neutral crowder and by suppressing aggregation when it is present during unfolding 

of proteins carrying a net positive charge in solution. Our observations could be explained by a 

possible direct, noncovalent, chiral, three-pronged interaction between L-serine and the protein. 

Alternatively, it is possible that serine clusters could be involved in the dissolution-enhancing 

effect. 

DESI-MS studies provide a novel perspective for understanding the mechanisms 

governing the effects of additives on protein dissolution, solubility, and aggregation. 

Complementary DESI-MS and direct ESI-MS experiments under controlled conditions allow 

differentiating between thermodynamic and kinetic effects of additives on solubility and 

dissolution. Integration of other complementary tools such as ion mobility and delayed 

desorption with DESI-MS will enable time-resolved analysis of protein dissolution processes and 

aggregate measurement in the presence of additives. In addition to providing new insights into 

mechanisms of different additive effects, even at low concentrations, this novel perspective can 

be a useful tool for the rapid development of additives important for protein chemistry and its 

applications, such as protein therapeutics and formulation. 
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5.1 Introduction 
 

Implementations of desorption electrospray ionization mass spectrometry (DESI-MS) has 

been disproportionately in favor of direct/ambient analysis of smaller molecules such as 

metabolites and lipids since the analysis of larger molecules such as proteins by DESI-MS has 

proven to be challenging.1-2 However, with the continuous efforts toward improving DESI-MS of 

proteins, this technique is rapidly becoming a powerful tool for direct analysis of large proteins 

(>25 kDa) from complex mixtures. 

Solvent additives such as ammonium bicarbonate3 and serine,4 or delayed-desorption- 

DESI266 and combinations of these approaches have aimed to address supposed problems with 

the slow kinetics of protein dissolution during the analysis of proteins by DESI. Another very 

powerful approach entails the coupling of DESI-MS to ion mobility which now allows for 

imaging of small proteins and peptides directly from tissue samples.6-7 
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The addition of polar organic vapors into the spray chamber or curtain gas during ESI 

analysis was shown to enhance the electrospray ionization of proteins and peptides. Under such 

conditions, a reduction of alkali metal adduction was observed together with changes in proteins 

charge states, typically to lower charge values.8-10 The addition of polar organic vapors such 

as acetonitrile, acetone, ethyl acetate, water, and small alcohols helped remove metal adducts, 

presumably via ion evaporation. It was suggested that the effectiveness of these vapors in the 

removal of the metal species comes from their ability to lower the activation energy required for 

metal ion evaporation. Vapors that have a greater impact in lowering the activation energy of ion 

evaporation of the metal will be more beneficial in terms of removing adducts from protein 

complexes.8 Additionally, an enclosed commercial ionization source was shown to increase the 

charge states of tryptic peptides when ionized in an atmosphere enriched in acetonitrile vapors.11 

Given the similarities between ESI and DESI, it is likely that the same treatment could 

positively affect DESI-MS analysis of proteins. Despite the differences in the initial sample 

phase, after dissolution and desorption, DESI follows similar ionization mechanisms as ESI.12 

Therefore, successful approaches to improving protein analysis by ESI have often been 

applicable to DESI as well. The application of vapor additives in DESI requires enclosure of the 

DESI desorbing and ionizing plume to contain the vapors. An enclosed DESI source was 

previously described.13 Here, we introduce polar organic vapors of acetone, acetonitrile, ethyl 

acetate, methanol, and water to the gas phase through a semi-enclosed DESI system. 
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5.2 Experimental 

 
5.2.1 Materials 

 
Equine cytochrome c (Cyt c, 12.3 kDa), bovine erythrocyte carbonic anhydrase isozyme 

II (CAII, 30.0 kDa) and bovine serum albumin (BSA, 66 kDa) were purchased from Sigma- 

Aldrich (St. Louis, MO). Bovine myoglobin (Myo, 16.9 kDa) was purchased from Protea 

(Morgantown, WV). HPLC-MS grade methanol, acetone, and acetonitrile were purchased from 

Sigma-Aldrich (St. Louis, MO). Extra dry (water<50ppm) ethyl acetate was purchased from 

ACROS Organics (Geel, Belgium). LC-MS grade formic acid was purchased from Fluka 

Analytical (Morris Plains, NJ). Ultrapure water was supplied from Thermo-Barnstead Water 

Polisher. Porous-polyethylene surfaces (PE) with an average pore size of 15-45 μm (POREX- 

4900) were purchased from Interstate Specialty Products (Sutton, MA). 

 
5.2.2 Sample preparation 

 
Each protein standard was prepared and analyzed independently. Lyophilized proteins 

were first dissolved in milliQ water to prepare stock solutions. Protein samples were made from 

the stock solutions by further dilution with milliQ water to reach a final concentration of 80 μM. 

The protein solutions were spray-deposited onto a PE surface to yield sample lines with an 

estimated surface concentration of 20 - 25 pmol/mm2. For each experiment, at least 3 sample 

lines were scanned. Error bars represent ± standard deviation. 

 
5.2.3 Instrumentation 

 
DESI-MS analysis was performed with a linear ion trap mass spectrometer (LTQ, 

Thermo Scientific, Waltham, MA, USA) combined with a 3-dimensional translational stage 



92 
 

 

(Purdue University, West Lafayette, IN, USA). A house-built electrosonic spray ionization 

source (ESSI) was used for generating pneumatically assisted electrospray using two co-axial 

fused silica capillaries inside a T-piece. An 80% methanol solution containing 0.1% formic acid 

was delivered through the inner silica capillary (I.D. 50 µm, O.D. 220 µm) with the flow rate of 

5 μL/min and nebulizing nitrogen gas was delivered through the outer silica capillary (I.D. 320 

µm, O.D. 450 µm, length 1.5 cm) at 100 psi. For generating charged solvent droplets, 4.0 kV 

was applied to the syringe delivering the DESI spray solvent. The MS inlet temperature was set 

at 250°C. LTQ ion optics voltages were optimized for each protein individually. Tube lens 

voltage and ion transfer capillary voltage were optimized between 110-130 V and 20-45 V, 

respectively. 

 
5.2.4 DESI parameters and enclosure 

 
The sprayer to MS inlet distance and sprayer to surface distances were set at 4 mm and 1 

mm respectively, and the incident spray angle was adjusted to 54° - 55°. The plastic enclosure 

was cut from a 1 mL plastic pipette tip which fitted tightly around the front ring of the 1/16” 

Swagelok nut that secures the gas nebulizing capillary of the ESSI sprayer assembly, as shown in 

Figure 5.1. 

The enclosure was specifically cut for the desorption sprayer so that attaching the 

enclosure would make minimum change in the desorption spray geometry. To fit the extended 

MS inlet inside the enclosure, a small opening was cut in the front rim of the plastic enclosure. 

Vapors were delivered to the enclosure cavity by 1/8” PTFE tubing that was connected to a 

Schott ® bottle half-filled with solvent. The N2 inlet tube protruded into the bottle to a position 

close to the solvent surface and below that of the vapor exit tube. The vapor exit tube entered the 
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enclosure through a small hole positioned behind the DESI sprayer drilled into the back of the 

plastic tip. 

 

 
Figure 5.1. Photo of enclosed DESI sprayer and vapor addition setup. 

 
 

The nitrogen flow rate was controlled with a needle valve and optimized at 1 L/min or 50 

mL/min for less or more confining enclosures, respectively, as discussed below. Reagent vapors 

investigated were acetone, acetonitrile, ethyl acetate, methanol, and water. 

 
5.3 Results and discussion 

 
5.3.1 Enclosure considerations 

 
The effects resulting from vapor addition during DESI analysis are the consequence of 

two facets: physical effects and chemical effects. Physically attaching the enclosure to the DESI 

sprayer can affect the performance of the DESI source, most notably through subtle changes in 

DESI sprayer geometry, which influences droplet dynamics. Moreover, the enclosure’s physical 

parameters such as the shape, position of vapor delivery inlet and whether the surface and DESI 
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sprayer are completely confined within the enclosure cavity can affect the gas flow dynamics. 

For example, a less confining enclosure with space between the surface and the enclosure 

optimizes to higher vapor flow rates (1 L/min), whereas in a tightly confined enclosure cavity the 

flow dynamics are completely disturbed with such high vapor flow rates, and as a result, signal 

deteriorates. In the following experiments, the enclosure was made to maintain the optimized 

non-enclosed DESI spray geometry as much as possible. The back of the enclosure was also 

raised slightly above the surface to provide a less restricted cavity which allows using higher 

vapor flow rates. 

Aside from the physical effects, the chemical effects of each solvent vapor on the primary 

electrospray droplets leaving the ion source, on the sample on the surface, or on the secondary 

droplets after desorption are related to the properties of the solvent molecules such as polarity, 

gas-phase proton affinity, dipole moment, etc. Optimal conditions, therefore, will depend on an 

intricate balance between the shape of the enclosure, DESI sprayer parameters, vapor flow rate, 

and possibly also the chemical identity of the vapor. 

 
5.3.2 Effect of different solvent vapors on different proteins 

 
To survey the effects of different vapors on protein signal, initially, two model proteins 

(myoglobin and bovine serum albumin) were analyzed by DESI using an array of vapor additives 

as summarized in Figure 5.2. 

Nitrogen gas by itself as control, or doped with methanol, acetone, acetonitrile, water, 

and ethyl acetate vapors were each separately introduced to the semi-enclosed DESI at a flow 

rate of 1 L/min. The effect of the vapor additives on protein signal was analyzed in positive ion 
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mode. The signal intensities of the highest intensity charge states (HICS) and the total protein 

intensities for myoglobin and the HICS for bovine serum albumin were analyzed under nitrogen 

gas enriched with the different vapors. When ethyl acetate vapor was supplied under these 

conditions, the HICS signal intensity of both proteins increased approximately four times as 

shown in Figures 5.2, 5.3 (a), and 5.3 (b). 

 

 
Figure 5.2. Effect of different vapors on signal intensity of natively deposited proteins when 
analyzed by DESI-MS using 80% methanol containing 0.1% formic acid as the solvent. (a) 
myoglobin and (b) bovine serum albumin. 

 
 

However, other vapor additives only mildly affected the HICS intensities and caused the 

signal to decrease or remain relatively unchanged. The effects of the various vapors on the total 

protein signal for myoglobin shown in Figure 5.3 mirrors the observations in Figure 5.2 (a). 
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Unfortunately, the total protein signal intensity for BSA was difficult to obtain due to heavy 

adduction and the low mass resolution of the mass spectrometer used. These observations were 

also similar in magnitude to the results previously published when vapors were introduced into 

the curtain gas during ESI-MS of holo-myoglobin.268 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3. Effect of different vapors on deconvoluted protein signal intensity of natively 
deposited myoglobin when analyzed by DESI-MS using 80% methanol containing 0.1% formic 
acid as the solvent. 

 
 

The addition of ethyl acetate as a fraction directly into the desorption spray solvent 

reduced the signal intensity dramatically. Figure 5.4 shows data for CAII analyzed with and 

without ethyl acetate mixed as a fraction into the desorption spray solvent. Ethyl acetate is 

miscible in water up to 10% and totally miscible in 50%MeOH solutions. When 10% ethyl 

acetate was added as a fraction into the desorption spray solvent, the signal intensity was reduced 

by over an order of magnitude. When the fraction of ethyl acetate was further increased to 20% it 
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was hard to detect any protein peaks. Considering the 5 µL/min desorption spray flow rate, even 

at 20% the total moles of ethyl acetate delivered per unit time was still significantly lower than 

when ethyl acetate vapors were supplied as dopant into the auxiliary gas, where the ethyl acetate 

consumption was measured at the supply bottle was approximately 500 µL/min. 

 

 
Figure 5.4. The addition of ethyl acetate as a fraction directly into the desorption spray solvent 
reduces the signal intensity. Demonstrated is 40 pmol/mm2 carbonic anhydrase II analyzed with 
50% MeOH, 0.1% formic acid, and with and without ethyl acetate as indicated. 

 
 

The remarkable effect of ethyl acetate vapors on signal intensity was also observed with 

other proteins such as cytochrome c (Figure 5.5 (c)) and carbonic anhydrase II (Figure 5.5 (d)). 

Figure 3 shows the effect of ethyl acetate vapor on signal intensities and mass spectra for four 
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different proteins compared to nitrogen. Here, when envelopes were deconvoluted, the summed 

signal intensities for each protein increased by factors of 6, 5 and 3 times each for myo, cyt c and 

CAII, respectively. (The unresolved envelope of BSA could not be deconvoluted). 

 
 

 
 

Figure 5.5. Comparison of spectra and signal intensity for different proteins when 
exposed to N2 vapor (top spectra) and when exposed to ethyl acetate vapor (bottom spectra) 
Comparison of spectra and signal intensity for different proteins (a) myoglobin, (b) bovine serum 
albumin, (c) cytochrome c, and (d) carbonic anhydrase II when exposed to N2 vapor (top 
spectra) and when exposed to ethyl acetate vapor (bottom spectra). Vapor flow rate was set at 1 
L/min. 
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In an attempt to further optimize the conditions, the desorption sprayer and surface were 

more tightly enclosed, i.e., the plastic tip completely touched the sample surface and enclosed the 

DESI sprayer. This setup was not tolerant of the 1 L/min vapor flow rate, and the vapor doped 

nitrogen auxiliary gas flow rate optimized at 50 mL/min. With the more confining setup, ethyl 

acetate vapors increased the signal of cytochrome c (Figure 5.6 (a)) and carbonic anhydrase II 

(Figure 5.6 (b)) even more, to approximately six times when compared to nitrogen vapor. 

 

Figure 5.6. Comparison of spectra and signal intensity for cytochrome c, and carbonic anhydrase 
II when enclosure area was more restricted. Vapor flow rate was set at 50 mL/min. 
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This illustrates that further improvements to signal intensity will be possible with a 

carefully designed and optimized enclosure geometry and operating conditions. The chemical 

effect of ethyl acetate on signal intensity can be observed regardless of the physical 

complications of the addition of an enclosure and the introduction of auxiliary N2 gas, both of 

which affect the droplet dynamics of the DESI processes. 

A noteworthy observation from comparing the spectra for all proteins exposed to ethyl 

acetate vapors was an overall shift towards higher charge states. For example, the addition of 

ethyl acetate vapors to CAII caused a shift in the HICS to slightly higher charge states (z = +33) 

compared to nitrogen controls (z = +30). The HICS of cyt c increased by two when comparing 

nitrogen vapor to ethyl acetate. The highest observed charge state (HOCS) for cyt c exposed to 

nitrogen was z = +19 and this increased to z = +21 when exposed to ethyl acetate vapor. The 

addition of ethyl acetate leads to a complicated envelope, as if bimodal ion populations are 

created. Interestingly, organic vapors in ESI and nano-ESI showed an overall charge reduction 

for native proteins when vapors were introduced through the curtain gas.8,10 The opposite effect 

can be seen here with all proteins showing an overall increase to higher charge states after ethyl 

acetate vapor interaction. This is possibly a consequence of the denaturing solvent used in the 

DESI desorbing spray, even as the proteins were deposited in a native state. Previously, it was 

shown that peptides and proteins analyzed in ESI under denaturing conditions responded 

differently to vapors in the gas phase compared to when analyzed under native-state preserving 

conditions.11,14 This observation can be explained through the possibility of a different ionization 

mechanism recently proposed for denatured proteins, known as the chain ejection mechanism 

(CEM).15 



101 
 

 

5.4 Conclusion 
 

In conclusion, exposure of the DESI spray plume to organic vapors demonstrated the 

ability to change the charge state distributions, and in the case of ethyl acetate, also to increase 

signal   intensities   obtained   for   proteins. This   effect appears   to   be   independent   of 

protein characteristics, such as size or isoelectric point values. The magnitude of this effect is, 

however, dependent on the enclosure setup and vapor flow rate. The physical parameters are also 

interdependent, and in addition to geometrical complexities, determines the amount of vapor that 

can be delivered to the spray plume. Therefore, detailed optimization of enclosure parameters 

and vapor flow rates are necessary. The promising observation was that regardless of the 

physical parameters of the process, the improvement in signal intensity was observed for 

multiple proteins, including proteins larger than 25 kDa, which are challenging to analyze by 

DESI-MS. 
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CHAPTER 6 
 
 
 

6. EVALUATING THE APPLICATION OF DESI-MS AND DIRECT ESI-MS IN 
RAPID ANALYSIS OF HIS-TAGGED PROTEIN FROM IMAC SURFACES 

 
 
 

6.1 Introduction 
 

The recombinant DNA technology not only revolutionized molecular biology, but also 

marked the birth of modern biotechnology. Since its introduction in the 1970s,1 the recombinant 

DNA technology has found widespread multidisciplinary applications in various fields, including 

agriculture, biomedical sciences and medicine.2 Recombinant protein production is one of the 

most prominent applications of recombinant DNA technology.3-5 Simply put, a recombinant 

protein is a target protein encoded by recombinant DNA. Recombinant protein production is 

comprised of four major stages: gene cloning, protein expression, protein purification, and 

characterization by different techniques, such as mass spectrometry, as illustrated in Figure 6.1.6 

The recombinant DNA code of the target protein is first cloned in an expression vector designed 

to transfer and express the recombinant DNA in a host cell.7 The target protein gene is usually 

under the control of an inducible promoter, which allows controlled overexpression of the target 

protein in the host cell upon the addition of the chemical inducer.8-9 This process is also known 

as heterologous expression since the host expresses a protein that it does not naturally make.10 

After the recombinant protein expression has reached satisfactory levels, the host cells, now 

containing the target protein, are harvested through centrifugation and lysed by chemical or 

physical methods (or a combination of both). The protein of interest is then separated from the 

host cell components and indigenous proteins through protein purification.11-15 Although 
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the purification of recombinant proteins is time-consuming and labor-intensive, it is currently a 

prerequisite for most types of analyses, including characterization, functional or structural 

studies. 

 
 

 
 

Figure 6.1. A typical workflow of recombinant protein expression and characterization by mass 
spectrometry. Created with BioRender.com 

 
 

One of the most widely used protein purification methods is expressing the target protein 

with an affinity fusion tag and purifying it through immobilized metal affinity chromatography 

(IMAC).16-17 A DNA sequence specifying a string of amino acids, which make the fusion tag, is 

frequently used in vectors to produce recombinant proteins. Polyhistidine tag (His-tag®) is one 

of the most popular affinity tags for recombinant protein purification. His-tag is a series of six 
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histidines that are fused to the protein N- or C- terminus. The optimal position of the tag is 

protein-dependent, although N-terminus His-tag is more common in bacterial expression 

systems.18 The short length of the 6xHis reduces the likelihood of altering the conformation of 

the protein, and maintains its function. His-tagged protein purification generally uses an affinity 

resin, a resin such as agarose functionalized with a chelator that is loaded with divalent transition 

metal ions. The histidine side chain, imidazole, has a high binding affinity to the divalent metal 

ions.19 When the cell lysate is incubated on the affinity resin, the His-tagged recombinant protein 

is immobilized on the resin through the interaction of histidine with the metal ions and is 

consequently separated from the rest of the cell lysate components. 

 
The first reports of IMAC purification used iminodiacetic acid (IDA) as the chelator for 

binding the transition metals through three coordination sites, leaving three coordination sites 

open for binding to the His-tag.17 IDA, however, only weakly secures the metal ion, leading to 

metal leaching from the matrix into the purified protein sample. Nitrilotriacetic acid (NTA)20 and 

carboxymethyl aspartate (CM-Asp)21 were introduced afterward as superior, tetradentate 

chelators, specifically suitable for binding transition metal ions with a coordination number of 

six, leaving two valences open for reversible binding to two histidines. Ni-NTA is arguably the 

most commonly used IMAC system for purifying His-tagged proteins since it offers good 

binding efficiency and minimal metal ion leaching. However, Ni-NTA tends to bind 

nonspecifically to non-tagged proteins that contain histidine clusters, resulting in moderate 

specificity. A common strategy to reduce non-specific binding is to add low millimolar 

concentrations of additives such as imidazole to the equilibrium buffer. Cobalt exhibits a more 

specific interaction with His-tag, resulting in lower binding but higher specificity. For this 
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reason, cobalt is the preferred metal for purifying His-tagged proteins when high purity is a 

primary concern, or milder elution conditions are required. Copper binds His-tag more strongly 

than cobalt or nickel, providing the highest possible binding capacity but also the poorest 

specificity. The use of copper is mainly limited to high-capacity binding of already purified His- 

tagged proteins for applications such as ELISA assays. A variety of IMAC matrices and form 

factors are available for His-tag protein purification, each with specific advantages and issues.22 

The “metal loaded” resin can be immobilized in columns, onto planar form factors such as a 

microscope glass slides, or in 96-well plates. Amongst the variety of IMAC systems, the best 

choice ultimately depends on the type of study and the requirements while taking into 

consideration the cost in terms of time and labor. 

 
In the post-genomic era, analysis at the level of proteomes and metabolomes is becoming 

increasingly crucial for understanding the link between genomic information and phenotype. 

Although gigabytes of DNA sequences continue to be generated daily,23 only a substantially 

small percentage of the related proteins are experimentally characterized.24 The significant gap 

between the number of sequences and what we experimentally know about them indicates a lack 

of rapid, inexpensive, and efficient methodologies for characterization of recombinant proteins. 

Mass spectrometry can be used for rapid methodologies to generate information-rich spectra and 

perform fundamental characterization of proteins at the structural and functional levels.25-27 With 

the significant developments in instrumentation, the number of rapid mass spectrometry-based 

assays for analysis of intact proteins from complex matrices, without any purification or with 

online purification steps, has been growing.28-30 



107 
 

 

Direct ESI methods have become increasingly more powerful as a new approach for the 

rapid analysis of intact, recombinant proteins from crude samples without purification.31 

Recently, the characterization of overexpressed recombinant proteins from crude bacterial cell 

lysate without prior purification was demonstrated by direct ESI using modified Qstar Elite and 

Orbitrap platforms.32 A similar direct ESI approach for the analysis of overexpressed 

recombinant proteins in eukaryotic expression systems has also been reported.33 These novel 

methodologies take advantage of the well-known drawback of mass spectrometry, its limited 

dynamic range. This limitation leads to the “masking” of low-abundance indigenous proteins by 

higher-abundance recombinant protein overexpressed in the host. This inherent signal 

suppression enables overcoming the need for prior protein purification, provided that the MS has 

high sensitivity and resolution to detect the protein peaks unambiguously.28 However, these 

methodologies still rely on optimized expression conditions that yield high levels of recombinant 

protein in the host cell, which is not always easily feasible. 

 
In most cases, accurate recombinant protein characterization relies on protein purification 

to some extent prior to analysis, which can be a laborious and time-consuming step depending on 

how rigorous the purification step needs to be. Rapid online buffer exchange (OBE) of 

recombinant protein in cell lysate has been combined with native direct ESI-MS to overcome this 

issue and accelerate the workflow.34 Recently, online buffer exchange (OBE) chromatography 

has been coupled with online immobilized metal affinity chromatography (IMAC) and size 

exclusion chromatography (SEC) for a streamlined native ESI-MS analysis of tagged 

recombinant proteins from bacterial cell lysate.35 DESI-MS of tagged recombinant proteins 
 

immobilized on agarose slides have been shown to provide rapid online purification and has 
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been used successfully to screen small molecule binding and monitor the enzymatic 
 

reactions,36 however, characterization of the immobilized tagged recombinant proteins has 

remained elusive. 

 
In this chapter, detection of immobilized His-tagged recombinant proteins by direct ESI- 

MS analysis or DESI-MS was investigated. The His-tagged recombinant protein was 

immobilized on two commercially available IMAC purification form factors and two different 

chelating metal ions: Ni-NTA or Cu-NTA coated glass slides (MicroSurfaces,Inc), and Ni-NTA 

or Cu-NTA coated 96-well plates (Thermo Fischer Scientific). The immobilized protein was 

released from the surface using formic acid as the eluent reagent in the ESI working solution or 

DESI desorption spray. 

 
6.2 Experimental 

 
6.2.1 Materials and reagents 

 
Cu-NTA and Ni-NTA coated glass slides were purchased from Microsurfaces, Inc. 

PierceTM Ni-NTA and Cu-NTA coated 96-well plates were purchased from Thermo Fisher 

Scientific (Waltham, MA). BioUltra grade ammonium bicarbonate, ammonium acetate, HPLC- 

MS grade methanol (MeOH), LC-MS grade formic acid, BioUltra grade L-serine, lyophilized 

chicken egg lysozyme (>98%) were purchased from Sigma-Aldrich (St. Louis, MO). Milli Q 

water was obtained from a Thermo-Barnstead Water Polisher. 

 
6.2.2 Protein standards and samples 

 
Lyophilized bovine ubiquitin (Ubq, 8.6 kDa) at 95% purity was purchased from Sigma- 

Aldrich (St. Louis, MO). Recombinant human ubiquitin with N-terminus His-tag (His-Ubq, 
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predicted molecular weight 9.6 kDa) was purchased from R&D systems (Minneapolis, MN). The 

recombinant protein was at ³95% purity by SDS-PAGE under reducing conditions and visualized 

by Colloidal Coomassie® Blue stain and was carrier free (no BSA was added as carrier protein). 

The His-tagged recombinant human ubiquitin stock was 2.4 mg/ml (250 μM) in 10 mM HEPES 

pH 7.5 and prior to mass spectrometry analysis, the stock solution was buffer exchanged into 100 

mM ammonium acetate solution pH=7.0 with no additive using Zeba spin desalting spin 

columns with a molecular weight cut off of 7 kDa (Thermo Fisher Scientific) following the 

manufacturer’s instruction. The buffer exchanged protein was filtered with a 0.2-micron filter. 

 
6.2.3 Heterologous protein expression 

 
His-tagged methyltransferases were expressed at Dr. Todd Barkman’s research lab at the 

Department of Biological Sciences, Western Michigan University. The recombinant protein gene 

sequence was cloned into pET15b expression vector (Novagen) for overexpression in E. coli BL- 

21 (DE3) cells. The host bacterial cells were grown on agar plate and transferred to 5 ml of 

lysogeny broth or Luria broth (LB) with 100 µg/ml ampicillin. The culture was incubated 

overnight on a shaker at 30oC. After 12-13 hours, 2.5 ml of culture was transferred to a flask and 

47.5 ml of LB was added. The culture was put on shaker for 3 hours in 32oC. Optical density of 

the culture was measured using Biophotometer (Eppendorf, Germany) at 600 nm. After reaching 

the desired optical density (0.6-0.8), induction of His-tagged protein expression was innitiated 

with the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to the culture at final 

concentration of 1 mM. The culture was further incubated on a shaker at room temperature for 6 

hours. After overexpression, the culture was centrifuged for 15 min at 4000 rpm and 8oC. The 

supernatant was thrown out and the pellet was stored at -80oC for future use. 
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6.2.4 Total protein extraction and His-tag purification 
 

For extraction of total protein, the E.coli pellet was thawed on ice. The lysis buffer was 

50 mM sodium phosphate buffer (pH 8.0), 10 mM imidazole, 12% glycerol, 300 mM NaCl and 

0.75 mg/ml lysozyme. The pellet was resuspended in 3.6 ml of lysis buffer. The mixture was 

incubated on ice on a shaker for 30 min followed by repeated sonication for 20 seconds, with 10 

seconds pause in between each of four repeats. The mixture was then centrifuged for 20 min, 

1000Xg at 4oC. The supernatant (total protein) was stored at -80oC for future use. 

Purification of His-tagged TcCS2 was performed with a Ni-NTA TALON® spin column 

from Clontech (Takara Bio Company, CA, USA) following the manufacturer’s instruction. The 

elution buffer contained 150mM imidazole in 50 mM sodium phosphate (pH 8.0), 300 mM 

NaCl, and 12% glycerol. 

 
6.2.5 IMAC sample preparation 

 
For IMAC 96-well plates, 100 μl of protein sample was added to each well and incubated 

on a shaker for 1 hour at room temperature. For spot analysis on IMAC glass slides, 1 µl droplets 

of sample were carefully pipetted on the slides and dried under vacuum at room temperature for 

approximately 15 minutes. 

 
6.2.6 Instrumentation 

 
Experiments were performed on a LTQ linear ion trap and a LTQ Orbitrap XL mass 

spectrometers (Thermo Scientific, Waltham, MA, USA). Direct ESI experiments on the Orbitrap 

was performed using a commercial IonMax source. Direct ESI and DESI experiments on the 

LTQ were by the electrospray emitter made from a Swagelok T-piece and two pieces of coaxial 
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fused silica capillary tubing for DESI analysis, similar to that described in previous chapters.37 

DESI solvent flow rate was 3 μl/min, with N2 as nebulizing gas at 100 psi. Speed of the stage 

was 150 μm/s for DESI analysis. Capillary temperature and voltage were 250oC and 3-4 kV, 

respectively for all experiments. DESI geometry was similar to previously described. The 

sprayer incident angle was 54°, the distance between the desorption sprayer and heated extended 

capillary was 4 mm and the height of the desorption spray from the surface was 1 mm. 

 
6.3 Results and Discussion 

 
For this study, Ni-NTA and Cu-NTA were chosen as the model IMAC systems for 

coupling to direct mass spectrometry analysis, as leaching metal ions would be a serious concern 

for mass spectrometry analysis. Ni2+ provides a good binding capacity and is reportedly more 

applicable for His-tagged protein purification from crude bacterial cell lysate. Cu2+ provides 

maximum binding capacity and highest protein yield,38-39 theoretically resulting in higher protein 

signal intensity. Two different form factors for both metals were evaluated for direct, mass 

spectrometry-based analysis by direct ESI and DESI-MS: Ni-NTA and Cu-NTA coated 96-well 

plates (Thermo Fischer Scientific), designed for ELISA assays, and Ni-NTA and Cu-NTA coated 

microscope glass slides (Microsurfaces Inc.), designed for protein microarray assays. 

 
Forces that maintain the complex of His-tag and bound divalent metals (Ni2+ and Cu2+) 

include electrostatic interactions, hydrophobic interactions, and hydrogen bonding. Any agent 

that disrupts these interactions can be used as an elution technique.40 Commonly used methods 

for elution of soluble His-tagged proteins are: competitive binding agents such as imidazole or 

free histidine, chelating agents, such as EDTA, or lowering the pH below 5. Among these 

methods, elution with the help of an acid is the most mass-spectrometry friendly option. The pH 
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of 0.2% (v/v %) formic acid solution is approximately 2.7, well below the pKa of histidine’s side 

chain, imidazole, but not too low to damage the IMAC form factors or the mass spectrometer. 

Additionally, volatile acid additives such as formic acid dramatically improve ionization of 

proteins in positive mode ESI, therefore, increasing sensitivity for protein detection and 

identification. Increasing the charges on the proteins have been reported to improve detection of 

proteins by increasing sensitivity and efficiency of protein fragmentation,41 all of which are 

valuable for top-down sequencing or characterization of intact proteins.42-43 Therefore, the acidic 

solvent system containing 0.2% formic acid in 50% MeOH was evaluated as the first choice for 

elution of His-tagged protein from IMAC surfaces. 

 
6.3.1 Purification of His-tag ubiquitin from protein mixture using IMAC 96-well plates and 

detection by direct ESI-MS 
 

In Figure 6.2 (a), the extended charge state distributions (CSD) for both His-Ubq and 

Ubq indicates the presence of proteins in unfolded state, with highest intensity charge state 

(HICS) of His-Ubq at m/z 676.8, corresponding to charge state 14+, and HICS of Ubq at m/z 

716.1 corresponding to charge state 12+. The integrated signal intensities of His-Ubq and Ubq in 

Figure 6.2 (a) are 1.99E6 and 1.40E6, respectively. In Figure 6.2 (b), 100 µl of a 100 mM 

ammonium acetate solution containing 1 µM of both His-Ubq and Ubq was added to a well in 

Ni-NTA 96-well plate and incubated on a shaker at room temperature for an hour (following 

manufacturer’s instruction). After the incubation period, the protein solution was pipetted out of 

the well and 100 µl of 50% MeOH+0.2% formic acid was added to the well. This solution was 

immediately analyzed by ESI-MS. Both His-Ubq and Ubq charge states are clearly visible in the 

spectra. 
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Figure 6.2. ESI-MS spectra of an equimolar mixture of ubiquitin (Ubq) (red mark) and His- 
tagged ubiquitin (His-Ubq) (blue mark) from Ni-NTA 96-well plates. Spectra obtained by (a) 
direct infusion in 50% MeOH+0.2% formic acid; (b) direct infusion after incubation on a Ni- 
NTA 96-well plate in 100 mM ammonium acetate, and subsequently eluted with 50% 
MeOH+0.2% formic acid; (c) direct infusion after incubation on a Ni-NTA 96-well plate in 100 
mM ammonium acetate on a Ni-NTA 96-well plate, rinsed 10X with 100 mM ammonium 
acetate, and eluted with 50% MeOH+0.2% formic acid. 

 
 

In Figure 6.2 (c), similar to Figure 6.2 (b), a 100 mM ammonium acetate solution 

containing 1 µM of both His-Ubq and Ubq was added to a well in Ni-NTA 96-well plate and 

incubated on a shaker at room temperature for an hour. After the incubation period, the protein 

solution was pipetted out of the well. However, for this experiment the well was rigorously 

rinsed 10X with 300 µl aliquots of 100 mM ammonium acetate (pH=7.0) by pipetting the 

solution up and down at least 5 times during each rinse. After rinsing the well, 100 µl of 50% 

MeOH+0.2% formic acid was added to the well and the solution was immediately analyzed by 
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direct ESI. In Figure 6.2 (c), only His-Ubq peaks are detectable, indicating Ubq has been washed 

out of the Ni-NTA well while His-Ubq was captured in the well until released with the formic 

acid solution. 

Similarly, Figure 6.3 shows His-Ubq detection from the protein mixture on Cu-NTA 96- 

well plate where again only the His-Ubq was observed with direct infusion after repeated 

washing with ammonium acetate solution and release using 50% MeOH+0.2% formic acid. 

 

Figure 6.3. ESI-MS spectra of an equimolar mixture of ubiquitin (Ubq) (red mark) and His- 
tagged ubiquitin (His-Ubq) (blue mark) from Cu-NTA 96-well plates. Spectra were obtained 
by (a) direct infusion in 50% MeOH+0.2% formic acid; (b) direct infusion after incubation on a 
Cu-NTA 96-well plate in 100 mM ammonium acetate, and subsequently eluted with 50% 
MeOH+0.2% formic acid; (c) direct infusion after incubation on a Cu-NTA 96-well plate in 100 
mM ammonium acetate on a Cu-NTA 96-well plate, rinsed 10X with 100 mM ammonium 
acetate, and eluted with 50% MeOH+0.2% formic acid. 
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The signal intensity of released His-Ubq in Cu-NTA was approximately 5 times higher 

than Ni-NTA plates after repeated washing of the protein mixture and elution with 50% 

MeOH+0.2% formic acid as can be seen by comparing Figure 6.2 (c) to Figure 6.3 (c). 

According to the manufacturer (Thermo Scientific), The PierceTM copper coated high binding 

capacity plates use a proprietary coating process to increase the amount of His-tagged protein 

that will bind to the plate surface, increasing the binding capacity four-fold compared to nickel 

coated plate, as established by fluorescence.44 Based on this data, the high-capacity binding Cu- 

NTA plates can bind up to 36.5 pmol of protein per well, whereas Ni-NTA plates bind 8.9 pmol 

under similar experimental conditions. This difference in binding capacity correlates with the 

increased signal intensity of purified His-Ubq from the Cu-NTA plate relative to the Ni-NTA 

plate. 

An interesting observation from the ESI spectra of proteins incubated on these plates is 

the differences in CSD of Ubq from Cu-NTA versus Ni-NTA. When incubated on Ni-NTA, the 

unlabled Ubq CSD expands from charge state +6 to +13, whereas in Cu-NTA the CSD is from 

+6 to +9. As discussed in Chapter 2, higher charge states and wider CSD usually indicate 

presence of unfolded proteins, although parameters other than conformation can also influence 

shifting the protein CSD. Surprisingly, such differences in CSD were not observed for His-Ubq. 

For both Ni-NTA and Cu-NTA, CSD of His-Ubq expanded from 6+ to 16+. To unambiguously 

assign whether this difference is due to conformation or other factors, ion mobility experiments 

need to be coupled to the direct ESI experiments. 

Another noteworthy observation is the deterioration of protonated peaks and apparent 

mass shifts on His-Ubq peaks analyzed from both Cu-NTA or Ni-NTA coated IMAC wells, 
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whereas in the direct infusion spectra, barely any mass shift from protonated His-Ubq peaks are 

detected. Figure 6.4 shows a closeup of two charge states of His-Ubq and Ubq, at m/z 1052.0 

and m/z 1071.6, respectively, corresponding to charge states 9+ and 8+. The peak adjacent to 

His-Ubq charge state 9+ at m/z 1053 in panels (b), (c), (d), and (e) of Figure 6.4 corresponds to a 

mass difference of +16 Da in the deconvoluted spectrum, matching an oxidation product. 

 

Figure 6.4. ESI-MS of an equimolar mixture of His-Ubq and Ubq showing charge states 9+ and 
8+. (a) direct infusion of the mixture, (b) IMAC incubated but unrinsed protein mixture on Ni- 
NTA, (c) after repeated washing on Ni-NTA and release by aqueous formic acid, (d) unrinsed 
protein mixture in Cu-NTA and (e) after repeated washing in Cu-NTA and release by FA. All 
samples are in 50% MeOH+0.2% formic acid as ESI solution. 
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The relative intensity of the oxidation product is most severe in the case of rinsed His- 

Ubq in Ni-NTA well, where the oxidized protein dominates. It is interesting that very little 

oxidation was observed for Ubq in the IMAC control spectra in Figure 6.4 (b) and (d), and 

oxidation on Ni-NTA is considerably more severe than Cu-NTA. 

To further verify that the mass shifted additional peaks observed are oxidation products, 

high resolution mass spectra of His-Ubq in 50% MeOH+0.2% formic acid was compared to 

spectra of His-Ubq incubated in Cu-NTA 96-well plate, rinsed with 100 mM ammonium acetate 

(pH=7.0), and eluted with 50% MeOH+0.2% formic acid (Figure 6.5). 

 

Figure 6.5. High-resolution FT-MS spectra of His-Ubq charge states 9+. Resolution = 100,000. 
(a) Direct infusion of His-Ubq in 50% MeOH+0.2% formic acid, and (b) deconvoluted mass 
spectrum of directly infused His-Ubq, (c) His-Ubq released from a Cu-NTA 96-well plate, 
rinsed 10X with 100 mM ammonium acetate, and eluted with 50% MeOH+0.2% formic acid, (d) 
The deconvoluted mass spectrum for the His-Ubq analyzed after release from Cu-NTA showing 
the oxidized His-Ubq at M+16 Da. 
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As can be seen in Figure 6.5, the mass shift on charge state 9+ corresponds to a mass 

shift of +16 on the protein with mass accuracy of 1 ppm. The deconvoluted protein spectra of 

His-Ubq in direct ESI infusion and His-Ubq after IMAC purification are shown in Figure 6.5, 

which clearly shows the oxidized protein in IMAC purified His-Ubq spectra. 

Protein oxidation during production and purification is a common concern18, 45 and in 

IMAC purification systems has been at least partially attributed to the catalyst effect of the 

divalent transition metals.46 However, protein oxidation is often prevented by addition of a 

reducing agent such as 𝛽𝛽-mercaptoethanol to maintain an adequate reducing environment. 

Unfortunately, most reducing agents are not ESI friendly and can cause severe ion suppression 

even at low concentrations. A small amount of these reagents may be enough to substantially 

reduce oxidation during IMAC purification, but the tolerated concentration limit and the adverse 

effect on protein detection by ESI-MS will have to be experimentally verified. Alternatively, for 

types of analysis that are dramatically affected by protein oxidation, such as structural analysis 

studies, a high concentration of a reducing agent is required, which then would need to be 

removed by a second purification step after IMAC purification. 

 
6.3.2 Direct ESI-MS analysis of His-tagged proteins from E.coli cell lysate using IMAC 96- 

well plates 

After optimizing the washing and release protocol using a simple protein mixture, we 

embarked on testing the one-step purification of recombinant protein out of the complex matrix 

of a bacterial cell lysate. The bacterial cell lysate of E.coli BL-21 with a N-terminus His-tagged 

xanthine alkaloid methyltransferase from yerba mate (IPCS3, predicted molecular weight 42.8 

kDa) was used for this experiment. The cell lysate was in 50 mM Na2HPO4 buffer (pH 8.0) with 



119 
 

 

300 mM NaCl, 10 mM imidazole and 12% (v/v%) glycerol with 0.75 mg/ml lysozyme. IPCS3 

expression and total protein extraction are described in Section 6.2.3 and 6.2.4. 

For positive control, 1 µM His-Ubq was spiked into the IPCS3 total protein solution in 

the IMAC wells prior to incubation. Similar to the procedure in Section 6.3.1, 100 µl of sample 

was added to Ni-NTA and Cu-NTA wells and then incubated on a shaker at room temperature 

for 1 hour. After incubation, the samples were pipetted out and the wells were rinsed 10X with 

300 µl of 100 mM ammonium acetate (pH=7.0). After the washing step, 100 µl of 50% 

MeOH+0.2% formic acid (elution solvent) was added to each well to the release the protein. This 

solution was recovered and immediately and analyzed by direct ESI. The resulting spectrum 

obtained from each sample is shown in Figure 6.6. 

Based on a manual method for predicting highest intensity charge state (HICS) of 

unfolded proteins proposed by Douglass et al.47 and the His-tagged IPCS3 amino acid sequence 

(see Appendix B, Figure 1B), the predicted HICS based on the grouping of the basic amino acids 

would be charge state 38+, and would be observed at m/z 1160. According to Douglass et al., the 

predicted HICS by this method typically falls short of the experimental HICS for large proteins 

(>30 kDa) when those proteins have disulfide bonds preventing complete unfolding. However, 

this can be addressed by reducing disulfide bonds using DTT forcing more complete unfolding. 

On the other hand, in the study by Douglass a similar His-tagged xanthine alkaloid 

methyltransferase with mass of 42.8 kDa and a predicted HICS of 38+ had an experimental 

HICS of 47+.47 The reason for the positive deviation from the predicted HICS was not discussed. 
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Figure 6.6. Direct ESI-MS spectra of the elution solution (50% MeOH+0.2% formic acid) of 
crude E.coli cell lysate (total protein) from expression of His-tagged IPCS3. (a) eluted from Ni- 
NTA well, (b) eluted from Cu-NTA well, (c) incubated with 1 µM His-Ubq and eluted from Ni- 
NTA (d) incubated with 1 µM  His-Ubq and eluted from Cu-NTA. 

 
 

As can be seen in Figure 6.6, no expected charge states of IPCS3 could be detected with 

S/N>3. However, in positive control spectra in Figure 6.6 panels (c) and (d), His-Ubq HICS 

peaks were detected at S/N = 3 from Ni-NTA and at S/N = 7 from Cu-NTA for a 1uM spike 

concentration. The signal intensity and S/N of His-Ubq HICS detected from Cu-NTA was almost 

double Ni-NTA, which can be expected based on the higher binding capacity of the Cu-NTA 

plate compared to Ni-NTA.44 Accordingly, Cu-NTA 96-well plates seem to be the superior 

IMAC system for coupling to ESI-MS in terms of providing higher signal intensity and signal to 

noise ratio. The common concern regarding non-specific binding of indigenous cell lysate 

proteins due to the low specificity of Cu-NTA is consequential for immunological assays such as 

ELISA, but with mass spectrometry such false positives can be detected based on the molecular 
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weight of the protein. Therefore, in ESI-MS analysis, the main concern with non-specific binding 

solely remains the low signal intensity of the His-tagged protein, especially with large target 

proteins. 

The detection of His-Ubq peaks in the positive control experiments in Figure 6.6 suggests 

that 1) the concentration of IPCS3 in the elution solvent was too low, either due to low 

expression level or low concentration in the total protein fraction, and/or 2) more rigorous 

purification might be required for larger proteins to remove adducts and reduce chemical noise 

and peak congestion in order to increase S/N. Based on the results shown in Figure 6.6 obtained 

for His-Ubq, a small and easily ionizable protein, concentrations higher than 1 µM would be 

needed in cell lysate to detect larger protein peaks at S/N>3. 

To evaluate whether further purification would improve protein detection for larger 

proteins, a His-tagged xanthine alkaloid methyltransferase from Theobroma cacao (TcCS2, 

UniProt accession number A0A061E330) was purified using a Ni-NTA agarose resin spin 

column. The results for protein detection by direct ESI-MS from the Cu-NTA plate was 

compared for samples with and without pre-purification using the Ni-NTA column, as shown in 

Figure 6.7. The amino acid sequence of His-tagged TcCS2 and the predicted charge states can be 

found in Appendix B, Figure B1 and Table B1. Figure 6.7 shows the m/z range of predicted 

TcCS2 HICS in direct ESI-MS spectra of purified TcCS2 (panel A) and TcCS2 in total protein 

(panel B). 
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Figure 6.7. Direct ESI-MS spectra of the elution (50% MeOH+0.2% formic acid) for His- 
tagged TcCS2. Direct ESI-MS spectra of the elution solution (50% MeOH+0.2% formic acid) 
for (a) His-tagged TcCS2 pre-purified with a Ni-NTA column and subsequently incubated and 
washed on a Cu-NTA 96-well plate, (b) crude E.coli cell lysate (total protein) from expression of 
His-tagged TcCS2 without prior purification. 

 
 

The S/N ratios for expected protein peaks increased with additional purification and 

subsequent incubation on the Cu-NTA plate. Without additional purification, a few expected 

charge states were observed, but with S/N below 3. After additional Ni-NTA column 

purification, at least 3 consecutive charge states were detected at S/N>3. This confirms that 

additional purification could be beneficial to improve protein detection by IMAC 96-well plates 

by enriching the target protein in the sample solution. There is however more room for 

improvements, for example by implementing strategies developed in earlier chapters to reduce 

adduction. 
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increasingly become popular in the post-genomic era, leading to the design of multiple platforms 

capable of such assays. Protein microarrays represent one of the most powerful and commonly 

used methods for such assays.48-49 Protein microarrays are typically designed for high throughput 

analysis of purified proteins, therefore in situ protein purification systems using IMAC surfaces 

have been developed for streamlining the workflow.38 Here, we evaluated such surfaces for 

integration with DESI-MS, as recent advances has demonstrated the potential of DESI-MS for 

 

6.3.3 Detection of His-tag ubiquitin from IMAC glass slides by DESI-MS 
 

Methods for high throughput protein expression and functional protein analysis have 
 

 

 

 

 

 

 

high throughput mass spectrometry-based assays.50-52 
 
 

Polyethylene glycol (PEG) covered microscope glass slides functionalized with Ni-NTA 
 

and Cu-NTA (Microsurface Inc.) were used as the DESI surface. 1 µl droplets of equimolar 1 

µM His-Ubq and Ubq in 100 mM ammonium acetate were deposited on Cu-NTA and Ni-NTA 

slides and the spots were dried under vacuum for approximately 15 minutes. In Figure 6.8 (a) (c), 

the unwashed dried protein mixture spots were desorbed with 50% MeOH+0.2% formic acid and 

both the tagged and untagged proteins were detected. After washing the slides 3 times using 1 ml 

of 100 mM ammonium acetate and desorbing with MeOH+0.2% formic acid no peaks 

corresponding to untagged Ubq were detected. Figure 6.8 (b) and (e) demonstrates that even a 

considerably short incubation time of 15 min is enough for binding of the His-tagged protein to 

the IMAC slides. Moreover, this experiment demonstrates that using 50% MeOH+0.2% formic 

acid as the desorption solvent is an effective releasing agent of the His-tagged protein from the 

IMAC slide in the short timescale of DESI. 
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Figure 6.8. DESI-MS spectra of an equimolar mixture of His-Ubq and Ubq in 100 mM 
ammonium acetate deposited on microscope slides covered in Ni-NTA (a-c) or Cu-NTA (d-f). 
(a), (c) spectra of unwashed spots desorbed with 50% MeOH+0.2% formic acid showing the 
presence of both tagged and untagged Ubq. (b), (e) Spectra after rinsing with ammonium acetate 
solution, analyzed with 50% MeOH+0.2% formic acid, showing the presence of only the His- 
tagged Ubq. (c), (f) Spectra after rinsing and analyzed with 50% MeOH+0.2% formic acid with 
the addition of 100 µM L-serine. 
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The detection of released His-tagged protein in DESI can be further improved through 

solution-phase additives. Similar to the work presented in Chapter 3, the effect of L-serine as 

desorption solvent additive on improving His-tagged protein signal intensity was also 

investigated, 100 µM L-serine was added to the elution solvent as desorption spray and the 

results are presented in Figure 6.8 (c) and (f). 

After the rinsing step, when 100 µM L-serine was added to the 50% MeOH+0.2% formic 

acid desorption solvent, the integrated signal intensity of His-Ubq in the analyzed spots increased 

by 3.2±0.9 times for Cu-NTA. For Ni-NTA the relatively minor improvement of 1.2±0.4 X was 

not statistically significant (p-value>0.1). Surprisingly, Cu-NTA gave a much lower His-Ubq 

signal intensity compared to Ni-NTA, even though the binding capacity of Cu-NTA is higher 

than Ni-NTA according to the manufacturer and previous studies53 (Cu-NTA slides bind 

approximately 1013-1014 proteins/cm2, which corresponds to a nearly close-packed monolayer of 

protein molecules,53 whereas Ni-NTA binds 109-1011 proteins/cm2). One possible explanation of 

this observation is that since Cu2+ has higher affinity for His-tag, the release and desorption of 

His-tagged protein from Cu-NTA could be less efficient than Ni-NTA in DESI. Another 

potential reason for the lower protein signal from Cu-NTA surface compared to Ni-NTA in DESI 

can be the original problem of protein analysis by DESI: inefficient protein dissolution. The 

immobilized proteins might be more likely to aggregate upon release by formic acid solvent 

during DESI on Cu-NTA because they are highly packed and likely have higher concentration in 

the micro-localized solvent layer. This hypothesis is supported by the positive influence that L- 

serine had on the signal intensity of immobilized protein detected from Cu-NTA but not Ni- 

NTA. This improvement could be a result of reduced aggregation on the highly packed Cu-NTA 
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surface in the presence of serine during the dissolution, as discussed in Chapter 4. Study of 

immobilized proteins is indeed an interesting method for investigating protein dissolution and 

desorption by DESI-MS, and strategies to improve protein dissolution in DESI can also benefit 

analysis of immobilized proteins by DESI-MS. 

 
6.4 Conclusion 

 
The immobilization and release of His-tagged protein using IMAC surfaces for ESI-MS 

and DESI-MS analysis were successfully demonstrated in this chapter. Two different IMAC 

systems, Ni-NTA and Cu-NTA, were compared in two form factors, 96-well plates, and 

microscope glass slides. 96-well plates provide a 3-dimensional system with more surface area 

that allows for longer incubation periods in solution. The sample can be either extracted with the 

elution solvent (50% MeOH+0.2% formic acid) and directly sprayed in ESI, or alternatively 

analyzed by DESI-MS using an enclosure modified for sampling from 9-well plates.54 Ni-NTA 

and Cu-NTA microscope glass slides are more suitable for regular 2-dimensional DESI-MS 

analysis and require much smaller sample volumes, shorter incubation time, and less vigorous 

rinsing. These features would be advantageous for high throughput assay development. 

The proof-of-concept experiments will need to be optimized for direct analysis of His- 

tagged proteins from crude samples to facilitate functional studies without a need for lengthy 

purification processes, enabling in-depth analysis of recombinant proteins by shorter workflows. 

Detection of large proteins by mass spectrometry from the IMAC systems proved to be 

challenging. Spectral complexity increases with protein size, as large proteins have more 

complex isotopic distributions and adduct formation patterns, leading to peak broadening and 

low S/N. Strategies for improved detection of proteins that have been discussed in the earlier 
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chapters can be beneficial for both ESI-MS and DESI-MS, specifically strategies that increase 

S/N. A potential strategy can be using L-serine in the elution buffer to remove sodium adducts, 

as discussed in Chapter 3. 

Another strategy to improve S/N of large proteins is introducing organic vapors to 

proteins post-ionization. Organic vapors have been reported to remove alkali metal adducts in 

ESI,55 which can increase S/N and improve protein detection from complex samples such as 

bacterial cell lysate. An additional benefit of some organic vapors is that they shift the protein 

charge state envelope to higher m/z ranges and lower charge states where the spectrum usually is 

less congested, a practice referred to as “sub-charging.” Sub-charging of proteins by organic 

vapors, especially methanol vapor, in post-ionization has been previously reported for ESI- 

MS.55-57 Sub-charging is particularly useful for large proteins as it can help narrow the complex 

charge state distribution of large proteins and concentrate the signal into fewer peaks.41 The 

enclosure discussed in Chapter 5 can be easily used on planar IMAC surfaces to sub-charge large 

His-tagged proteins, increasing protein signal intensity and removing alkali metal adducts in 

DESI-MS. 

Issues that remain to be resolved are inhibiting protein oxidation on IMAC surfaces by 

using reducing agents and enriching His-tagged proteins in sample to increase their S/N. 

Ultimately, a two-step purification system integrated into the workflow might be necessary for 

the rapid analysis of large His-tagged proteins from crude cell lysate by DESI-MS. 
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CHAPTER 7 
 
 
 

7. CONCLUSIONS AND PERSPECTIVES 
 
 
 

DESI-MS was introduced almost two decades ago and initially, it was envisioned to 

eventually supersede conventional ESI-MS in popularity on account of its relative ease of use, 

versatility in sampling/ionization under ambient conditions. However, besides several 

applications in which DESI shows great superiority compared to ESI-MS (most notably 

imaging), it has failed to reach the popularity of ESI-MS, especially for intact protein analyses. It 

is not surprising that the majority of studies by DESI-MS focus on small molecule analysis and 

its applications in different fields such as forensic studies,1 clinical applications,2 and of course, 

imaging.3-5 Recent advances in instrumentation, such as coupling ion-mobility to DESI-MS,6-9 

have been demonstrated for improved signal detection for protein analysis. However, in the 

absence of such expensive instrumentations, additives, whether ESI-MS-friendly solution-phase 

or post-ionization gas-phase additives, can be a convenient approach for improving protein 

analysis in DESI-MS and mitigating some of the shortcomings. Improving DESI-MS analysis of 

proteins through simple, convenient methods can hopefully broaden the applications of DESI- 

MS and lead to more diverse types of studies using this technique. 

 
7.1 Towards improved DESI-MS analysis of proteins and novel applications 

 
In present work, I have described my efforts to improve DESI-MS analysis of proteins by 

simple techniques and explore the application of DESI-MS in investigating fundamental 
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questions regarding protein behaviors. As DESI-MS and ESI-MS share many similarities, 

especially in the ionization process, using DESI-MS followed by direct ESI-MS experiments for 

complementary analyses can reveal valuable information about protein dissolution and 

ionization. Understanding protein behavior during dissolution and ionization can lead to better 

insight into improving protein analysis by DESI-MS. 

In Chapter 3, the effectiveness of different solution-phase additives and their 

combination, including formic acid, ammonium bicarbonate,10 and L-serine,11 for increasing 

protein signal intensity in DESI-MS was studied. The desalting effect of L-serine for native 

proteins in DESI-MS, which was similar to results previously reported in ESI-MS,12 is 

particularly important for native protein analysis from complex mixtures with high salt 

concentrations such as most biological samples prior to purification. The study also revealed an 

intriguing effect of L-serine on unfolded protein signal intensity during DESI-MS, increasing the 

absolute signal intensity of the unfolded protein. Since such improvement was not observed in 

direct ESI-MS of unfolded proteins, it was proposed that L-serine positively affects protein 

extraction/dissolution processes during DESI-MS. 

Following up on the positive observations regarding serine addition for protein analysis 

by DESI-MS, Chapter 4 explored the effects of amino acid additives, in particular L-serine, on 

protein solubility and dissolution processes. Through careful design of experiments using DESI- 

MS and direct ESI-MS, it was demonstrated that important mechanistic conclusions can be 

drawn about solubility-enhancing additives and their general mechanism of action. This 

approach provided mechanistic insights on protein dissolution while using significantly lower 

concentrations of additives and very small amounts of protein compared to classic biophysical 
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methods. We demonstrated that the limitation of DESI-MS in protein analysis can actually be 

used to provide a novel perspective for understanding the mechanisms governing the effects of 

amino acids, and by extension, other additives, on proteins solubility, dissolution, and 

aggregation. These assays have the potential to be powerful tools for the rapid development of 

additives important for pharmaceutical applications and formulation. 

Chapter 5 explored a different approach for improving protein detection by DESI-MS. 

When introducing organic solvent vapors into an enclosed DESI-MS environment, substantial 

improvements in protein signal could be achieved. This study was motivated by the reported 

effects of organic solvent vapors addition to the analysis of proteins by ESI-MS, which was 

shown to impact charge states distribution,13-14 alkali metal adduction,15-16 denaturation,17 protein- 

substrate complex stability,18 and signal intensity.19-20 Since DESI and ESI share similar ionization 

mechanisms, the implementation of organic vapors was anticipated to improve the analysis of 

proteins in DESI-MS as well. A simple plastic enclosure was designed and built for this study, 

allowing exposure of the DESI-MS sampling area to gas-phase additives. This effect was 

independent of protein characteristics, such as size or isoelectric point values. The vapors of 

acetone, acetonitrile, ethyl acetate, methanol, and water were investigated. Vapors of acetone and 

especially ethyl acetate showed promising results in terms of increasing protein signal intensity 

in DESI-MS, regardless of protein size and isoelectric point. 

Chapter 6 described evaluation and proof-of-concept experiments for development of a 

simple direct assay for rapid analysis of immobilized His-tagged proteins from IMAC surfaces, 

in particular Ni-NTA and Cu-NTA. The ultimate goal of this study is to couple purification of 

His-tagged recombinant proteins from the bacterial cell lysate for developing fast and simple 
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high throughput assays that provide more information in a shorter time frame compared to 

conventional methods. Issues that need to be addressed for achieving this goal are reducing 

protein oxidation during IMAC purification without suppressing protein signal and increasing 

His-tagged protein S/N by increasing the concentration of the His-tagged protein in the cell 

lysate. This will be especially important for the analysis of larger proteins that typically suffer 

from lower sensitivity in ESI-MS and DESI-MS. Several approaches were discussed in Chapter 

6 to address these issues, including incorporating an additional purification step after introducing 

reducing reagents to the incubation step, and using organic solvent vapors to sub-charge large 

proteins and concentrate the signal into fewer peaks. Ultimately, this project is an ambitious 

attempt to enable an on-line study of both the protein and the protein enzymatic reaction by 

DESI-MS, which could be highly impactful for protein engineering, and when studying enzyme 

evolution, where functional analysis of thousands of candidates is necessary. 

 
7.2 Final remarks 

 
Despite the remarkable versatility of DESI-MS in the analysis of different samples and 

recent advances in instrumentation, DESI lacks behind other developments in the field for 

protein studies. Investigating the mechanisms involved in protein detection enables developing 

strategies for improving protein analysis by DESI-MS that are simple and easy to incorporate. 

These strategies should target key factors involved in protein extraction, desorption, or 

ionization. Ultimately, by improving protein detection in DESI-MS, applications of DESI-MS 

can be extended beyond what is currently possible, including developing a high throughput tool 

for functional analysis of immobilized recombinant proteins. 
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B. Theobroma cacao methyltransferase TcCS2 
 
 
 

(UniProt accession number A0A061E330) 
 
 
10 20 30 40 50 60 
MGSSHHHHHH SSGLVPRGSH MSKTGALDLA SGLGGKIEKT DVLSAVEKYE KYHFFYGGEE 

70 80 90 100 110 120 
EERKANYTDM VNKYYDLVTS FYEFGWGESF HFAPRWNGES LRESIKRHEH FLALQLGLKP 

130 140 150 160 170 180 
GHKVLDVGCG IGGPLREIAR FSSTSVTGLN NNEYQIERGK ELNRIAGVDK TCNFVKADFM 

190 200 210 220 230 240 
KMPFPDSSFD AVYAIEATCH APDAYGCYKE IYRVLKPGQY FAAYEWCMTD SFDPNNQEHQ 

250 260 270 280 290 300 
KIKAEIEIGD GLPDIRLTRQ CLEALKQAGF EVIWDKDLAV DSSIPWYLPL DKNHFSLSSF 

310 320 330 340 350 360 
RLTAIGRFVT KNMVKALEFV GFAPRGSQRV QEFLEKAAEG LVEGGRKEIF TPMYFFLARK 

 
 
QLAKSQ 

 
 
 
 
 

 
Figure B1. Sequence of His-tagged IPCS3, the basic amino acids have been highlighted for 

predicting HOCS and HICS 
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Table B1. Calculated charge states of TcCS2 
 

TcCS2 (MW 41498) 
z m/z 

21 1977.1 
22 1887.3 
23 1805.3 
24 1730.1 
25 1660.9 
26 1597.1 
27 1538.0 
28 1483.1 
29 1432.0 
30 1384.3 
31 1339.6 
32 1297.8 
33 1258.5 
34 1221.5 
35 1186.7 
36 1153.7 
37 1122.6 
38 1093.1 
39 1065.1 
40 1038.5 
41 1013.1 
42 989.0 
43 966.1 
44 944.1 
45 923.2 
46 903.1 
47 883.9 
48 865.5 
49 847.9 
50 831.0 
51 814.7 
52 799.0 
53 784.0 
54 769.5 
55 755.5 
56 742.0 
57 729.0 
58 716.5 
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