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Methods for protein analysis by capillary electrophoresis and mass spectrometry 

Joakim Romson 

KTH Royal Institute of Technology, 2018.  

Abstract 

Protein analysis is important to understanding biological systems, but sample diversity necessitates a 

multitude of analysis techniques and methods. Challenges that are addressed include analysis of low 

abundance samples, fractionation to reduce sample complexity, and automation to reduce time and cost.  

Matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS) is an important technique 

for protein characterization. In Paper I, the sensitivity of MALDI-MS was enhanced through the 

fabrication of a hydrophobic coating for the MALDI target plate, yielding analyte concentration. The 

plate outperformed a commercial concentration plate.  

Capillary electrophoresis (CE) separation offers low sample consumption and high efficiency, and in 

Paper II, offline CE-MALDI-MS fractionation was employed. A robot system for automation was 

constructed and used in analysis of spermatophore proteins from the butterfly Pieris napi. The robot 

was also used in automated on-target trypsin digestion under a lid of liquid fluorocarbons, a simpler and 

cheaper alternative to controlled humidity chambers. An indication of indigenous proteolysis of the 

sample was seen.  

Electrospray ionization (ESI) is the other technique for protein analysis in MS. In Paper III, the 

biomarker protein osteopontin (OPN) was analyzed by ESI-MS in order to find suitable conditions for 

its detection. A preliminary optimization of solvents and ionization conditions was done, and tandem 

MS (MSn) performed to increase the reliability of identification.  

Keywords: MALDI; Concentration plates; Alkyl ketene dimer; CE-MALDI-MS2; On-target digestion; 

Automation; Robot; Pieris napi; spermatophore; ESI-MS2; Osteopontin 
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Sammanfattning 

Proteinanalys är viktigt för att förstå biologiska system, men mångfalden av prov kräver en mängd olika 

analystekniker och metoder. Utmaningar som tas upp inkluderar analys av små provmängder, 

fraktionering för att minska provkomplexiteten, och automatisering för att minska tidsåtgång och 

kostnad.  

Matris-assisterad laserjoniserings-masspektrometri (MALDI-MS) är en viktig teknik för 

proteinkarakterisering. I Artikel I förbättrades känsligheten i MALDI-MS genom tillverkning av en 

hydrofob beläggning på MALDI-provplattan, vilket gav en koncentration av provet. Provplattan gav 

bättre resultat än en kommersiell koncentrationsprovplatta.  

Kapillärelektroforesseparation (CE) har låg provåtgång och hög separationseffektivitet och i Artikel II 

användes offline CE-MALDI-MS-fraktionering. Ett robotsystem för automatisering konstruerades och 

användes för analys av spermatoforproteiner från fjärilen Pieris napi. Roboten användes även i 

automatiserad trypsinklyvning under en yta av en flytande fluorkolförening, ett billigare alternativ till 

inkubationskammare med kontrollerad luftfuktighet. En indikation på naturlig enzymatisk 

proteinklyvning i provet hittades.  

Elektrospray jonisering (ESI) är den andra tekniken för proteinanalys i MS. I Artikel III analyserades 

biomarkören osteopontin (OPN) med ESI-MS för att hitta lämpliga förhållanden för dess detektion. En 

preliminär optimering av lösningsmedel och jonisationsförhållanden gjordes, och tandem-MS (MSn) 

utfördes för att öka identifikationens tillförlitlighet.  

Nyckelord: MALDI; Koncentrationsprovplatta; alkylketenedimer; CE-MALDI-MS2; enzymklyvning 

på provplatta; Automatisering; Robot; Pieris napi; Spermatofor; ESI-MS2; Osteopontin 
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1 Abbreviations and symbols 

AC AnchorChip™ target plate 

AKD Alkyl ketene dimer (Alkyl ketene dimer target plate) 

AngI Angiotensin I 

AngII Angiotensin II 

BGE Background electrolyte 

BSA Bovine serum albumin 

CE Capillary electrophoresis 

CID Collision induced dissociation 

CIEF Capillary isoelectric focusing 

CZE Capillary zone electrophoresis 

DHB 2,5-dihydroxybenzoic acid 

E Electric field 

e Elementary charge 

EI Electron ionization 

EOF Electroosmotic flow 

ESI Electrospray ionization 

EtOH Ethanol 

F Force 

GFpB Glu-Fibrinopeptide B 

GS Ground steel target plate 

HCCA (E)-2-cyano-3-(4-hydroxyphenyl)prop-2-enoic acid 

HEK Human embryonic kidney cells 

HV High voltage 

hv photon energy 

ID Inner diameter 

iPrOH 2-propanol 

LC Liquid chromatography 

m/z Molar mass to number of elementary charges ratio 

MALDI Matrix assisted laser desorption/ionization 

MeCN Acetonitrile 

MeOH Methanol 

MS Mass spectrometry 

MSn Tandem MS in n steps 

NA Avogadro constant 

NT Neurotensin 

OAc Acetate 

OD Outer diameter 

OPN Osteopontin 
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PTFE Poly(tetrafluoroethylene) 

PTM  Post translational modification 

q Charge 

QIT Quadrupole ion trap mass analyzer 

r Radius 

RSD Relative standard deviation 

TFA Trifluoroacetic acid 

TOF Time of flight (time of flight mass analyzer) 

U Voltage (constant) 

UV Ultraviolet light 

v Velocity 

V Voltage 

z Number of elementary charges 

ε Relative permittivity 

ζ Zeta-potential 

η Viscosity 

ϴ  Contact angle 

λ wavelength 

μ Mobility 

ϒ  Surface tension 

Ψ Wall potential 

ω Angular velocity 
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2 Introduction 

2.1 Scope and aim 

Protein analysis has rightfully earned a central position in the biosciences. Analysis of proteins often 

yields a better picture of the organism’s phenotype than analyzing genes. This is because of the complex 

steps between genome and proteome, where the latter is closer to the final product, the organism, and, 

in contrast to the genome, dynamic. On a transcriptional level, splicing may allow a single gene to encode 

several proteins. Both transcription and translation are tightly regulated and in vivo protein levels are 

hard to predict from the gene. The situation is further complicated by protein complexes and 

post-translational modifications (PTMs) as proteins may exist in several differently modified forms and 

are changed during their lifetime. [1, 2] Protein analysis offers insight into biological processes, which 

can be applied to, for example, biomarkers for diseases. In this thesis, work on the analysis of proteins 

by capillary electrophoresis (CE) and mass spectrometry (MS) will be presented. The techniques used 

will be briefly introduced followed by a summary of three papers: I Improved detection in matrix 

assisted laser desorption/ionization (MALDI) MS by a hydrophobic target plate; II a novel method for 

automated fractionation from CE to a target for MALDI followed by on-target digestion, which is applied 

on butterfly spermatophore proteins; and III, work in progress on the analysis of intact osteopontin by 

electrospray ionization (ESI) MS.  

2.2 Capillary electrophoresis 

The theoretical description of electrophoresis was published in 1897 by Kohlrausch [3], and under the 

first half of the twentieth century the theory was further developed by Tiselius [4], Dole [5], and 

Longworth [6]. In practice, fluid convection limited efficiencies. To prevent this, papers and later gels 

were used instead of free solutions. While gel electrophoresis remains important, several groups 

improved free solution electrophoresis which led to the micrometer capillary dimensions that are 

common today. [7] Electrophoresis in micrometer sized capillaries has efficient heat transfer and offers 

fast and efficient analyses requiring only minute amounts of sample [8].  

2.2.1 Theory of capillary electrophoresis 

The mechanism of CE depends on the force on a charged analyte in an electric field and drag in the 

solution, described by the Stokes equation. Equaling these (opposite) forces gives the electrophoretic 

steady state velocity, ve in Equation 1, which depends on the electrostatic force, FE, which is the 

charge q times the electric field E, and the drag, FD, which is the solution viscosity η times the 

hydrodynamic radius r and the velocity ve, illustrated in Figure 1. The velocity depends on the electric 

field strength but the electrophoretic mobility, μe, of analytes is used as a constant to describe each 

analyte in a given system, obtained by dividing ve with E. The solution in which the separation takes 

place is called background electrolyte (BGE). [7] 

𝐹𝐸 = 𝑞𝐸 = 6𝜋𝑟𝜂𝑣𝑒 = −𝐹𝐷 ↔ 𝑣𝑒 =
𝑞𝐸

𝜋𝑟𝜂
  (1) 

 

Figure 1. Illustration of the electrophoretic velocity ve in an electric field E, for neutrals and ions of different charges and sizes. 
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2.2.2 Electroosmotic flow 

As the capillary radius decreases surface to volume ratio increases, thus interactions with the capillary 

wall are of importance. The commonly used fused silica capillaries have silanol groups at the surface, 

which are deprotonated to larger and larger extent as the pH rises above 2, giving a negatively charged 

capillary wall. Capillaries can be made of other materials or coated to give a neutral or positive charge. 

A wall potential Ψ arises from the charges, and it is highest at the capillary wall (Ψ0), as shown in 

Figure 2. Tight counterion association with the wall charges constitutes the Stern layer, where the wall 

potential Ψ drops linearly due to charge cancellation. At the ζ-potential the diffuse ion layer starts, where 

counterions are less tightly associated and the wall potential Ψ drops exponentially. This layer is mobile 

and creates the electroosmotic flow (EOF) when the electrostatic force FE acts on the counterions and 

the solution is dragged along.  

 

Figure 2. The mechanism of the electroosmotic flow. Stationary and mobile ions are drawn and the potential Ψ arising from the 

charged capillary wall is shown. 

It follows that a negatively charged wall gives a flow towards the cathode, a positively charged wall 

towards the anode, and a neutral wall gives no EOF. Its velocity, veof, is given in Equation 2 and 

depends on the electric field, E, the zeta potential, ζ, the dielectric constant, ε, and the viscosity η. The 

two latter depend solely on the BGE. The electroosmotic mobility, μeof, is obtained by dividing veof by E. 

𝑣𝑒𝑜𝑓 =
𝐸𝜀𝜁

𝜂
  (2) 

Due to the EOF being driven by ions migrating along the capillary wall, the flow velocity is very similar 

over the inner radius (instead of being slower closer to the wall due to friction, as in a pressure driven 

flow). This allows maintaining very narrow peaks despite having a flow of liquid. Due to the flow, the 

apparent mobility, µapp = µe + µeof. [7, 9, 10] 

2.2.3 Modes in capillary zone electrophoresis 

The most common mode in CE is capillary zone electrophoresis (CZE), which is described above and 

used in Paper II. In CZE analytes are eluted at different times, like in liquid chromatography, and the 

uses are similar [11]. In capillary isoelectric focusing (CIEF), on the other hand, the capillary is filled 

with sample and ampholytes, using acidic BGE at the anode, and basic BGE at the cathode. Applying 

voltage creates a pH gradient in the capillary according to the different pHs of the BGEs and the 

ampholytes’ pI, because all species migrate until the pH is equal to its pI, where they have overall neutral 

charge. Thus, using CIEF without EOF, analytes do not elute if their pI is within the pH gradient 

range. [12] By comparing the measured pI values to predicted or known pI values, analyte identification 

may be facilitated [13]. 
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2.2.4 Detection in capillary electrophoresis 

Commonly, the analytes in the capillary are detected by their UV-absorbance. Modern diode array 

detectors may record a spectrum for each peak passing, giving additional information about the 

analytes. [7] Perhaps the most powerful detection for CE is hyphenation to mass spectrometry (MS), 

which can be highly sensitive and, importantly, provide a mean of analyte identification [14]. In 

Paper II, UV detection was used together with offline MS.  

2.3 Mass spectrometry 

MS is similar to electrophoresis in that they both analyze ions. However, while electrophoresis separates 

ions by size to charge ratio, MS analyzes mass to charge ratio, m/z.  

2.3.1 Ionization methods 

Further, MS requires gas phase ions, thus the first step is to produce and/or evaporate those ions from 

solution or solid phase. There are several ionization methods. Electron ionization (EI) is one of the oldest 

and still common. In EI, gas phase molecules are subjected to an electron beam of sufficient energy to 

knock out an electron, producing positively charged ions. Most larger molecules cannot be vaporized 

without degradation, and the energy of EI usually fragments the molecules. The two Nobel-prized 

ionization methods matrix assisted laser desorption/ionization (MALDI) and electrospray ionization 

(ESI) allow the ionization of macromolecules without extensive fragmentation. [15] 

2.3.1.1 Matrix assisted laser desorption/ionization 

In MALDI, developed by Karas and Hillenkamp [16, 17] and Tanaka [18], the analyte is generally co-

crystallized with the matrix, i.e. molecules that have high absorbance in the wavelength of the laser. 

Although not completely understood, likely, the analytes are charged in the matrix by (de)protonation 

or complex formation. The crystallized sample is (usually) introduced into the vacuum of the MS and a 

short laser pulse is fired on the crystals and absorbed by the matrix which is ablated, bringing the analyte 

ions into gas phase. This is schematically shown in Figure 3. [19] The Bruker ultrafleXtreme 

MALDI-MS instrument used in Paper I and II uses an Nd:YAG laser at 355 nm. Generally, only one or 

a few charges are obtained, even for large proteins, which simplifies interpretation of spectra [20, 21]. 

For this reason, MALDI was suitable for the analysis of a complex protein mixture in Paper II.  

 

Figure 3. The mechanism of MALDI. Protonated analyte, [M+H]+ is cocrystallized with matrix, m. The analyte to matrix 

proportion is exaggerated. 

By controlling where the laser hits the matrix/analyte crystals spatial sample resolution can be achieved, 

so called imaging MALDI. Thus localization can be obtained in tissues, and even single cells, which 

makes it complementary to immunohistochemistry and immunocytochemistry. [22] 
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It is not surprising that the choice of matrix is important in MALDI analysis; different matrices suit 

different analytes. Generally, (E)-2-cyano-3-(4-hydroxyphenyl)prop-2-enoic acid (HCCA) is better for 

peptides, while 2,5-dihydroxybenzoic acid (DHB) is used for larger proteins. [19] Thus, in Paper I, 

HCCA was chosen to analyze peptides, while in Paper II, analyzing a protein sample, DHB was used. 

Further, it has been proposed that a matrix matching the hydrophobicity of the analyte yields better 

results [23].  

Although the sensitivity in MALDI is often said to be mass dependent [24], there are clear indications 

that the surface concentration of analyte is of importance. Allowing sample to concentrate to a smaller 

area on the plate increases sensitivity and decreases limit of detection, especially for samples of low 

abundance. [25] The AnchorChip™ (AC) MALDI plate concentrates sample to an anchor due to 

differences in hydrophobicity [26], and Paper I attempts to improve this concept.  

2.3.1.2 Electrospray ionization 

The concept for ESI, the other ionization method for macromolecules, was invented by Dole in 1968 [27], 

then later adapter to proteins by Fenn [28, 29]. ESI relies on (de)protonation or complex formation in 

the liquid phase, where a high electric field is applied. In contrast to MALDI, the ionization takes place 

under ambient atmosphere. The liquid, charged by the applied electric field (oxidation in positive mode, 

reduction in negative mode), is attracted towards the inlet of the mass spectrometer (held at the opposite 

charge), pulling the liquid into a Taylor cone extending from the liquid bulk. Charges are concentrated 

at the tip of the cone, where charge repulsion causes the expulsion of droplets, aided by the nebulizer 

gas flow. Evaporation of solvent further concentrates charge until the repulsion is high enough that the 

droplets bursts into smaller droplets in Coulomb explosions. This is iterated until naked ions are 

obtained. Naked smaller analytes may be directly expelled out of a droplet (ion evaporation). Naked 

larger analytes are believed to be obtained by the charge residue mechanism, where the solvent around 

the analyte is evaporated. The ESI process is illustrated in Figure 4. Importantly, due to the charging 

current, positive and negative ESI can both be used at low and high pH. [15, 30] This ionization can be 

gentle enough to ionize bacteria without killing them [31].  

 

Figure 4. The mechanism of ESI in positive mode. M is the analyte and s the solvent. The analyte to solvent proportion is 

exaggerated and droplets are not drawn to scale with the Taylor cone. 

When ESI is used with the flow rates common for liquid chromatography (LC) or sheath-flow assisted 

CE the sensitivity is concentration dependent as only a fraction of the analytes enter the mass 

spectrometer. This leads to ion suppression, where some ions are favored over other. At very low flow 

rates (a few nL/min) analytes can be quantitatively ionized and desolvated. When close to all analytes 
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enter the MS, ion suppression is less problematic and ESI becomes mass sensitive instead of 

concentration sensitive. [15, 24, 32] Therefore, in Paper III a low flow rate could be used without 

sacrificing sensitivity.  

Larger molecules having several chargeable sites usually obtain multiple charges. In these cases, the 

same analyte is often present in several charge states, thus presented as several peaks in the ESI-MS 

spectra, which was seen in Paper III. To identify individual masses the spectra are deconvoluted 

through analyzing the distance between the multiple peaks, and, if resolution allows, the distance 

between the isotope peaks [15].  

The basic instrumental spray parameters (apart from flow rate) in the Bruker amaZon speed ESI-MS 

instrument used in Paper III are ionization voltage, nebulizer gas pressure, drying gas flow, and drying 

gas temperature. The role of the nebulizer gas (N2) is to aid spray formation as the concentric gas flow 

pulls the liquid into aerosol, but also confines the spray in space. This is more important at higher 

flowrates and is not necessary at very low flows. Drying gas flow and drying gas temperature both aid 

desolvation. [33] Generally, parameter optimization is best performed through design of experiment 

[34], but this is yet to be performed in Paper III. In an experiment designed to maximize peak areas 

for two small molecules in ESI it was found that drying gas flow and temperature had the highest impacts 

[35]. The parameters need optimization for each sample and solvent and for different flow rates. 

Sample solvent is vital for both ionization and ion desolvation. More polar solvents and higher surface 

tension can increase the charge state of the analytes [33]. Higher surface tension requires higher voltage 

for spray formation, and more volatile solvents cause quicker desolvation [36]. Thus, in Paper III, 

different sample solvents were evaluated.  

Because of the differences in ion formation and the number of charges obtained in ESI and MALDI, they 

are best suited for different mass analyzers. Here, MALDI is used with a time of flight (TOF) reflectron 

mass analyzer and ESI with a quadrupole ion trap (QIT). 

2.3.2 Mass analyzers 

All mass analyzers depend on the interactions of charged analytes with electromagnetic fields. Thus it is 

only possible to measure the m/z of the analytes after ionization. Only TOF and quadrupole electric field 

mass analyzers will be discussed in detail. Worth mentioning, though, is the quite recently developed 

Orbitrap™ which offers very high resolution and mass accuracy and is thus popular for proteomics as 

this greatly facilitates peptide identification [37]. Like the QIT discussed below, the Orbitrap™ relies on 

electric fields, and is a trapping instrument. However, it differs fundamentally from both TOF and 

quadrupole electric field analyzers in that all m/z are recorded simultaneously through induced currents 

from the moving ions, meaning the analytes are not lost on detection. [15, 38] 
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2.3.2.1 Time of flight 

In the TOF mass analyzer ions are accelerated to the same kinetic energy per charge in an electric field 

such that higher m/z have lower velocities. The m/z is determined by the time it takes the ions to traverse 

a given distance (Equation 3). [39] In Equation 3, e is the electron charge, z the number of charges, 

U the acceleration voltage, l the length of the flight tube, t the time to arrive at the detector, and NA the 

Avogadro constant. The resolution of a TOF can be improved by electrostatic ion reflector: Difference in 

initial kinetic energy is compensated by the different penetration depth into the reflector 

(Figure 5) [40], and an added benefit is the longer flight path. The principle of a TOF mass analyzer 

and a reflectron is shown in Figure 5. Because both MALDI and TOF are pulsed they fit well together. 

Delayed ion extraction may compensate for different initial velocities from MALDI ionization, because 

faster ions will experience less of the accelerating electric field if allowed some time to travel in the ion 

source. [15, 41, 42]. In both Paper I and II the Bruker ultrafleXtreme MALDI-TOF instrument was used 

in reflectron mode, and in Paper II also in linear mode. With this TOF it is possible to analyze up to 

m/z 500 000 in linear mode, however at low m/z (<1000) matrix ions may obscure the spectra. 

𝑚

𝑧
=
2𝑒𝑈𝑡2

𝑙2
∗ 1000𝑁𝐴  (3) 

 

Figure 5. Schematic drawing of a TOF mass analyzer equipped with reflectron. The reflectron potential, Uref, must be larger than 

the accelerating potential, Uacc. 

2.3.2.2 Quadrupole electric field mass analyzers 

The quadrupole mass analyzers are based on a quadrupole electric field. In-depth physics of quadrupole 

electric fields will not be discussed here. Briefly, in the common quadrupole mass filter, direct and 

alternating currents are combined over two pairs of parallel (ideally) hyperbolic metal rods. One pair of 

rods limits the lower m/z that may pass, and the other limits the upper m/z. [15] The same type of electric 

fields are used in QITs which consist of a ring ring-shaped hyperbolic electrode and two hyperbolic 

endcap electrodes, depicted in Figure 6. The fundamental principle of ion motion in one dimension in 

such a field is described by Equation 4: The acceleration of an ion at x distance from the trap center is 

equal to the charge, ze, of the ion, times the sum of constant, U, and alternating voltage, V, with the 

angular frequency ω, divided by the mass, m/1000NA, divided by the squared half distance between the 

electrodes, a2. When the trap is operated with alternating voltage only, the equation can be simplified. 

Extended into three dimensions and solved, the equation describes the ion trajectory inside the trap. 

Ions with a trajectory that does not exceed the trap dimensions as time evolves are trapped. [43]  

𝑑2𝑥

𝑑𝑡2
= −

𝑧𝑒∗1000𝑁𝐴

𝑚𝑎2
(𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡))𝑥

𝑈=0
⇒   

𝑑2𝑥

𝑑𝑡2
= −

𝑧𝑒∗1000𝑁𝐴

𝑚𝑎2
𝑉𝑐𝑜𝑠(𝜔𝑡)𝑥  (4) 
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In the ion trap, ions are briefly collected before selectively being ejected to the detector. To avoid ion 

losses from charge repulsion and high amplitude oscillations He is used as a damping gas inside the 

trap, and this gas is also used for collision induced dissociation (CID) by letting analytes collide with gas 

molecules at higher than normal velocities in the trap. Simplified, looking at Figure 6 and Equation 4, 

a variable alternating potential V at constant frequency ω is applied at the ring electrode, holding the 

endcap electrodes to ground. V can be increased to scan the m/z range as higher and higher m/z are 

ejected to the detector. [44] Additionally, a variable frequency potential can be applied between the 

endcaps, and used to selectively eject ions from the trap and to excite precursor ions for tandem MS 

(MSn), by matching the resonant frequencies of an m/z [45]. In the ESI amaZon speed QIT-MS 

instrument used in Paper III the lower m/z limit is 15, and the upper 3000 (6000 when operating in 

extended mass range with limited resolution).  

 

Figure 6. Schematic drawing of a QIT mass analyzer. Ions enter the trap through a hole in one endcap electrode. Shown is the 

shape of a positive ion cloud when a negative potential is applied at the ring electrode (the dashed cloud is the shape when a 

positive potential is applied). Ions are expelled through the endcaps (50% through each cap). 

2.3.3 Tandem mass spectrometry 

It is important to have a low to very low pressure inside the mass analyzers to prevent ions colliding with 

gas molecules which will deflect them from reaching the detector or cause fragmentation. This may 

however be exploited in tandem mass spectrometry, where ions are intentionally fragmented by 

collisions (CID) in order to deduce the structure of the precursor. [15] 

In MALDI, higher laser energy can cause molecules to fragment by laser energy, thermally, and due to 

collisions in the molecular plume resulting from the desorption process. This is used in MALDI-TOF 

post-source decay (PSD), where molecules are stable enough to reach the field free drift tube, but 

fragment during flight: After the high-energy ionization a small m/z range is allowed to pass into the 

flight tube, and while the fragments have the same velocity as their precursor ion they will be separated 
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in time by the reflector due to different kinetic energies. [46] PSD MS2 in LIFT™-mode was used in 

Paper II to attempt identification of peptides. In LIFT™, a second potential, higher than the first 

acceleration potential, is applied to accelerate the fragments which allows for recording the full MS2 

spectrum for each shot [47].  

In the QIT, MSn is performed by isolating, then exciting, a small m/z range, which undergoes CID with 

the He damping gas as mentioned earlier. Since the excitation is specific to an m/z, continued excitation 

allows a high degree of fragmentation of the precursor, without exciting the fragments. Isolation of a 

fragment followed by its excitation allows MSn with n>2. [48] Selective excitation makes the ion trap 

especially suitable for MSn of larger molecules that fragment slowly [49], and so in Paper III, MS2 and 

MS3 was performed on an intact protein in the QIT to infer the relationship between the assumed 

different charge states.  

2.3.4 Detection 

The last part in the mass spectrometer is the detector. Today, the most common detectors are based on 

electron multipliers, where an ion current is amplified through secondary emissions. Ion impact ejects 

secondary electrons, which, due to the high potential in the dynode, give secondary, higher energy 

impacts. The amplification may be done with discrete dynode plates or a continuous curved conical tube. 

In modern setups each primary impact is recorded as a pulse and the number of pulses counted to give 

the intensity. Electron multipliers can have very high sensitivity but do however have bias as a lower 

response is obtained from slower ions. A conversion dynode at high voltage before the electron 

multiplier can increase the signal by accelerating incoming ions. [50] The Bruker amaZon speed QIT 

used in Paper III uses a Daly detector (Figure 7) to minimize mass bias. In the Daly detector ions 

collide with a conversion dynode. Secondarily emitted electrons are converted to photons in a 

scintillator, which in turn cause secondary electron emissions in another conversion dynode, to be 

amplified in an electron multiplier tube [50].  

 

Figure 7. Schematic drawing of the Daly detector showing first dynode, scintillator, second dynode, and electron multiplier tube. 

An array (multichannel/microchannel plate) of miniaturized continuous dynode electron multipliers are 

usually used for TOF instruments such as the Bruker ultrafleXtreme used in Paper I and II, where 

miniaturization allows for the extremely quick acquisition required. [15, 50]  
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2.4 Protein analysis 

MS is perhaps the most important tool for protein analysis [51]. Proteins may be identified from its mass 

and the masses of its digest. MSn provides another mean of identification through fitting with existing 

or calculated spectra, and through de-novo sequencing the amino acid sequence of a peptide can be 

directly deduced from the fragment spectrum. [52] In genomics, DNA cloning and later the PCR process 

revolutionized the field by allowing amplification of the sample, facilitating sequencing [53]. Although 

also protein sequencing may be performed chemically through Edman degradation, this is slow and 

requires an amount of pure protein, and there are no methods for protein amplification [54]. Thus, 

protein analysis may be limited by low abundances, and therefore a concentration plate was 

manufactured to enhance sensitivity in Paper I. In Paper II, protein masses, digest masses, and 

fragment ion masses were all recorded and used to attempt protein identification. In Paper III, MSn 

was used to check the relationship between the two different masses found for the analyzed protein, but 

without gaining sequence information.  

2.4.1 Sample complexity 

Often, protein samples are highly complex, containing many proteins of very different abundances. 

PTMs such as amino acid modifications, phosphorylations, sulfations, and glycosylations complicate the 

identification and analysis of proteins by adding another dimension of complexity, where each protein 

may be present in differently modified forms. [2, 55] Apart from the multitude of proteins, other 

interfering species may be present in a sample. In case of the spermatophore analysis in Paper II, 

sugars and salts can be expected [56].  

2.4.1.1 Sample fractionation 

Due to the sample complexities described above, MS analysis is often preceded by separation [55]. LC 

separation is the most common method, but CE offers significant advantages in low sample 

consumption, quick analyses, and high efficiency [57]. CE was used in Paper II to separate 

spermatophore proteins for subsequent analysis in MALDI. To perform the fractionation automatically, 

a robot was constructed and programmed.   

One major obstacle with CE of proteins and peptides is that they may adsorb to the wall. Adsorption is 

caused by electrostatic, dipole-dipole and van der Waals interactions, hydrogen bonding, and 

hydrophobic effects. Larger molecules are more susceptible due to the many sites of interaction, and 

adsorption can cause extensive loss of resolution and may fully hamper the separation. [8, 58-60] 

Capillary coatings are used to prevent adsorption. Permanent and dynamic coatings are the main types 

[59, 61], and the purpose is to render the wall uncharged or to reverse the wall charge. One dynamic 

coating is the quaternary ammonium fluorosurfactant FC-184 [62, 63], and this is what was used in 

Paper II. Briefly, the surfactants create a double layer on the capillary wall to reverse the charge.  

2.4.2 Enzymatic digestion 

Compared to peptides, ionization of very large molecules such as intact proteins is relatively inefficient, 

and their peaks usually poorly resolved [30, 33]. Nonetheless, in Paper III, ionization and detection of 

an intact protein was likely achieved. Because of the issues with intact proteins, enzymatic digestion 

followed by LC and MS and MS2, and data analysis by database comparison is the common approach 

[64]. However, separating the proteins prior to digestion reduces the number of possible protein 

candidates for a given fragment, which could aid in identification. This requires offline analysis, where 

separated proteins are collected and digested instead of introduced directly into the MS. [65, 66] 

Therefore, a method for automated on-target digestion was developed in Paper II.  
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2.4.3 Peptide fragmentation patterns 

As mentioned, MSn is an important tool for protein identification since information on the amino acid 

sequence can be obtained from the fragmentation pattern of a peptide. As an example, the most common 

fragments of the theoretical peptide AVGSKG are shown in Figure 8, and their masses listed in 

Table 1. an-, bn-, and cn-fragments are obtained when fragmentation occurs along the peptide backbone 

and the charge remains on the N-terminal side, and n is the number of amino acids in the fragment 

counted from the N-terminal. The xm-, ym-, and zm-fragments corresponds to the same fragmentation as 

a-, b-, and c-, respectively, but with the charge on the C-terminal side. For x-, y-, and z-fragments m is 

the number of amino acids from the C-terminal. Among these, b- and y-fragments are most prevalent 

in low energy fragmentation (such as PSD used in Paper II). Losses of H2O and NH3 occur, and a-

fragments may be produced from b- by loss of CO and are therefore also common. [67] In Paper II such 

fragment ions were sought in MS2 spectra and compared to a database of the theoretical fragments to 

find homologous peptides. 

 

Figure 8. The common fragments possible from the peptide AVGSKG labelled. 

Table 1. [M+H]+ of the common fragments from the peptide AVGSKG, as shown in Figure 8. 

Fragment type [M+H]+ 

Sequence A V G S K G 

n 1 2 3 4 5  

an 45.05 144.12 201.14 288.17 416.27  

bn 73.04 172.11 229.13 316.17 444.26 

 

cn 90.07 189.14 246.16 333.19 461.29 

 

m 

 

5 4 3 2 1 

xm 

 

474.24 375.17 318.15 231.11 103.02 

ym 

 

448.26 349.19 292.17 205.13 77.04 

zm 

 

431.23 332.16 275.14 188.11 60.01 
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3 Improving sensitivity in MALDI-MS through concentration plates 

Following the theory that higher surface concentration of analyte yields a higher signal, a better 

concentration effect should yield better signal. Paper I successfully attempts to improve MALDI 

sensitivity by modification of the target plate to let the sample droplet dry down to a smaller area. Its 

performance was compared to a regular steel plate and to a commercial concentration plate. 

3.1 Surface hydrophobicity 

The concentration effect is achieved by increasing the interfacial energy of the sample droplet/target 

plate by altering the plate surface. The contact area of the droplet is decreased to counter the higher 

interfacial energy, as described by Young [68]. The standard steel plate is highly hydrophilic (contact 

angle <<90◦), but the coating of the AnchorChip™ (AC) is hydrophobic (poly(tetrafluoroethylene) 

(PTFE)) yielding significantly less spread droplets [69]. A hole in the coating, exposing metal, provides 

an anchor point for droplets to ensure alignment. However, not only the surface material affects 

hydrophobicity; the surface topography plays an important role: A rough surface yields a higher total 

microscopic surface area and so a larger contact area is obtained (which in Equation 5 is described by 

rs = microscopic area/macroscopic area), the so called Wenzel regime [70]. A similar case is the Cassie-

Baxter regime, where the droplet does not penetrate into the roughness, and instead part of the 

solid/liquid interface is replaced with the liquid/vapor interface (where in Equation 5 fs is the fraction 

of the contact area that is the solid surface, and (1 – fs) the contact area with the vapor) [71]. The regular 

case (Young), and the Wenzel and Cassie-Baxter regimes are illustrated in Figure 9. The contact angles 

follow Equation 5, where ϒ  is the surface tension and ϴ  the contact angle between solid and vapor 

phase, sv, solid and liquid phase, sl, and liquid and vapor phase, lv. In the Young regime, rs = fs = 1, in 

the Wenzel regime, fs = 1, rs>1, and in the Cassie-Baxter regime 0<fs<1.  

𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝑓𝑠𝑟𝑠𝛾𝑙𝑣 cos(𝜃𝑠𝑙) + (1 − 𝑓𝑠)cos(𝜃𝑙𝑣)  (5) 

 

Figure 9. Wetting regimes. From left to right: Young, Wenzel, and Cassie-Baxter. 

3.2 Concentration plate manufacturing 

3.2.1 Manufacturing of the hydrophobic coating 

As discussed above, surface roughness was considered important for making a hydrophobic coating.  

The compound chosen for surface modification, alkyl ketene dimer (AKD) is inherently less hydrophobic 

than PTFE, and a smooth surface would give lower contact angle than AC. However, AKD is 

environmentally benign, readily available, and cheap, and EtOH was chosen as a green solvent, but as 

AKD is not well soluble, the solution was heated close to its boiling point to achieve dissolution. First, a 

regular steel plate (GS) was dip coated in a near-boiling solution of 30 g/mL AKD in EtOH. Microscopic 

roughness was added through applying the same solution by airbrush. Superhydrophobicity was 

achieved (contact angle >150◦) by applying many (>25) layers of AKD by airbrush on top of GS dip-

coated in AKD solution, however, peak broadening was observed. A less hydrophobic plate based on 5 

airbrushed layers gave higher contact angle than AC, while still yielding narrow peaks.  
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3.2.2 Printing anchors 

To allow sample deposition and to align samples to fixed spots, anchors on the AKD-plate were made. 

The surface roughness was removed by robotically pressing a plastic pipette tip, melted to form a quite 

spherical ball at the tip, onto the plate. The 400 µm diameter anchors were printed by altering the size 

of the tip and the pressure applied. Compared to AC, AKD showed slightly higher repeatbility 

(415 ± 17.5 μm for AC compared to 412 ± 12.5 μm for AKD, n = 10). As can be seen in Figure 10, self-

alignment to anchors on AKD appears better than on AC. The comparison is made by depositing the 

matrix used in Paper II: DHB 20 mg/mL in 9:1 Trifluoroacetic acid (TFA) 0.1%:MeCN, using a 50 µm 

inner diameter (ID), 50 cm length capillary, 0.5 bar, 20 s.  

 

Figure 10. Self-alignment of droplets. The capillary was deliberately offset by ca 0.4 mm from the anchor (400 µm diameter). 

Top: AKD. Bottom: AC. Left to right: Capillary positioning before deposition, at completed deposition, at start, middle, and end 

of capillary retraction, and after retraction. The anchor is marked by a dashed ellipse in all but the first frame. The original position 

of the capillary is marked by dashed lines in the last frame. Paper II, figure C.1. 

3.3 Concentration plate performance evaluation 

3.3.1 Coating hydrophobicity 

The hydrophobicity of AKD was measured by depositing 10 water droplets (1 µL) on the surface and 

photographing them at high magnification, as in Figure 11. The contact angle was manually measured 

in the images: 132 ± 5.3°, n = 10.  

 

Figure 11. Contact angle of a water droplet on the AKD-plate. 
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3.3.2 Sensitivity in peptide analysis 

In the comparison, the 400 µm diameter anchors on AKD and AC (GS had no anchors) were used. Four 

peptides, Angiotensin I (AngI) (1296.68 Da) and II (AngII) (1046.54 Da), Neurotensin (NT) 

(1672.92 Da), and Glu-Fibrinopeptide B (GFpB) (1570.68 Da) at 0.1 and 0.05 nM were mixed 1:1 with 

HCCA in 7:3 TFA 0.1%:MeCN, and 20 x 0.5 µL of the mixture for each concentration was robotically 

deposited on each plate. Amounts deposited on each spot were thus 25 and 12.5 amol, respectively. A 

droplet was photographed at different drying stages for each plate, and the differences in hydrophobicity 

can be clearly seen in Figure 12. Acquisition of mass spectra was performed both manually and 

automatically using autoXecute with random walk in Bruker flexcontrol on a Bruker ultrafleXtreme 

MALDI-TOF in positive reflector mode. 

 

Figure 12. 0.5 µL sample/matrix droplets. Left to right: initially, during drying, and dry. Top to bottom: GS, AC, AKD. 

Paper I, figure 1. 

3.3.2.1 Manual acquisition of spectra 

The comparison between the plates showed that AKD yields significantly higher S/N values for the 

peptides (Table 2) compared to both GS and AC. Interestingly, GS performed better than AC during 

manual acquisition, likely due to the operator finding sweet spots. The same result is seen when 

comparing the best spectra obtained for each plate, see Figure 13 a-c. 

3.3.2.2 Automated acquisition of spectra 

During automated acquisition the results showed lowest S/N for GS and highest for AKD, with AC in the 

middle (Table 2), as expected. Again, the result is the same when comparing the best spectra for each 

plate, see Figure 13 d-e. Note the much lower intensity for automated acquisition.  
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Figure 13. The best (highest S/N) spectra obtained during manual (a, b, c) and automated acquisition (d, e, f), comparing GS (a, 

d) with AC (d, e), and AKD (c, f). 12.5 amol of each peptide. Paper I, figure 2. 
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Table 2. Comparison of S/N value ratios for the four peptides obtained using the AKD plates in relation to GS and AC. P is the 

probability of falsely rejecting the null hypothesis (no difference), calculated by Student’s t-test at P= 0.05 and 0.10. Modified 

from Paper I, table 1.  

Amount 25 amol 12.5 amol Overall 

Ratio AKD/GS P % AKD/AC P % AKD/GS P % AKD/AC P % AKD/GS AKD/AC 

Manual 

AngII 0.943 > 10 1.61 < 5 1.07 > 10 1.54 < 5 

 

AngI 1.32 < 5 4.37 < 5 1.96 < 5 2.88 < 5 

GFpB 1.28 > 10 0.775 > 10 1.25 < 5 1.30 < 5 

NT 1.66 < 5 2.89 < 5 2.87 < 5 3.08 < 5 

Average ratio 1.30 

 

2.41 

 

1.78 

 

2.20 

 

1.54 2.31 

SD 0.255  1.36 0.708 0.788 

 

RSD % 19.6 56.4 39.7 35.8 

Automated 

AngII 1.90 < 5 2.04 < 5 1.44 < 5 3.03 < 5  

 

 

AngI 2.53 < 5 1.23 < 10 1.30 > 10 1.18 > 10 

GFpB 2.38 < 5 1.47 > 10 1.71 < 5 2.65 < 5 

NT 3.46 < 5 1.42 > 10 3.09 < 5 2.04 < 5 

Average ratio 2.57 

 

1.54 

 

1.88 

 

2.23 

 

2.22 1.88 

SD 0.564 0.304 0.711 0.698 

 

RSD % 22.0 19.7 37.7 31.4 

 

3.4 Later improvements in the manufacturing of the hydrophobic coating 

After publication, the airbrushing protocol has been refined, resulting in the ability to manufacture 

AKD-plates without dip-coating, by using only a higher number of airbrushed layers with a finer mist. 

This procedure is quicker and consumes less AKD solution. Approximately 50 coatings were required 

until the grinding lines on the steel plate were no longer visible. Preliminary testing using Bruker Peptide 

calibration standard showed that the new manufacturing protocol yielded as high or higher S/N as the 

dip-coated and airbrushed plate, with an insignificant increase in peak resolution [72].  
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4 CE-MALDI-MS with on-target digestion for spermatophore analysis 

In Paper II, the AKD plate from Paper I was applied for the analysis of spermatophore proteins from 

the butterfly Pieris napi. To reduce sample complexity offline CE-MALDI fractionation was performed. 

Fractionated sample was compared to a sample that was only desalted to evaluate the benefits of the 

separation. To gain information on the proteins present in the sample a number of intense MS peaks 

were fragmented for database search, and, in addition, a method for on-target trypsin digestion was 

developed and used, followed by another round of MS and MS2.  

4.1 Offline-CE MALDI 

There are some online CE-MALDI interfaces described in the literature [73-75]. However, these are 

elaborate and requires extensive modification of the MS. Therefore, CE-MALDI is most commonly 

performed offline [57, 76]. Using a robot system for offline CE-MALDI or HPLC-MALDI is common, 

and especially for CE there are multiple methods developed, mainly differing in how the electrical circuit 

is closed. Many methods can be found in a recent review by Stepanova and Kasicka [77]. Due to the cost 

of high-precision robotic equipment we revived an old broken positioning xy-table, which was 

complemented with a small positioning motor for the z-axis. The robot was used for the fractionation, 

and for depositing trypsin and matrix on sample spots.  

4.1.1 The robot: Circuit design and code 

After elucidating the signals from the robot axes, they could be transferred to an Arduino DUE via an 

external circuit board. The signals were used to update the internal position coordinates, and based on 

the position, the Arduino controlled the direction and speed of motors controlling the axes. A solenoid 

valve was used to deposit trypsin and matrix with electronic control. The schematic setup used for 

fractionation is shown in Figure 14. The programmed precision of the robot is better than 0.2 mm in x 

and y, and about 0.1 mm in z, but could be worse due to hardware imperfections. The deposition 

program could be entered directly into the code. However, two-way communication with the Arduino 

through a computer allowed defining many parameters of deposition/fractionation through user input. 

 

Figure 14. Schematic setup of the robotic system for offline CE-MALDI and on-target digestion. Paper II, figure A.4. 
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4.2 Spermatophore proteins 

One set of proteins that may be of particular interest in studying evolution or fertility are those involved 

in reproduction [78, 79]. The genes encoding reproductive proteins are known to evolve quickly in both 

males and females when sexual conflict is present. Rapid change in reproductive proteins can lead to 

quick speciation when population subsets are no longer sexually compatible [78-80]. Therefore the 

analysis of spermatophore proteins is of interest. 

4.2.1 Pieris napi 

Sexual conflict is evident in the butterfly species P. napi that was analyzed here. Females gain fecundity 

from mating multiple times due to the nutrients in the spermatophore she receives, while males benefit 

from the female laying only their eggs [81-83]. Consequently, proteins in the spermatophore may in 

males evolve to prevent remating, while the females may develop ways to counter this.  

Recently mated then frozen females were obtained from Christer Wiklund at Stockholm University. The 

spermatophore was excised and cleaned before it was punctured and the contents dissolved in water. 

The solution was used for the fractionation described below, or desalted for direct analysis.  

4.3 Results of the CE-MALDI fractionation 

4.3.1 CE fractionation results 

Separation of the spermatophore proteins was performed with CE. Three fractionations were performed, 

one for direct analysis, and two for trypsin digestion (of which one digestion is shown). To avoid the 

previously mentioned issues of protein adsorption to capillary walls, the separation capillary was 

dynamically coated with the cationic fluorosurfactant FC-134 [62, 63]. A BGE of 20 mM KH2PO4 at 

pH 2.3 with 150 µg/mL FC-134 gave a current of 20-28 µA at -25 kV. A capillary with 50 µm ID, 375 µm 

OD, 40 cm to the detection window (UV detection at 200 nm) and a total length of 90 cm was used. 

Sample was injected for 5 s at the same voltage. The CE method used showed good repeatability in 

electroosmotic flow (RSD = 0.60% for four consecutive measurements on mesityl oxide). 32 fractions, 

each 20 s, were collected. The three consecutive fractionations showed a migration time RSD <1.6% as 

measured for the first five peaks in the electropherograms, but the first fractionation was delayed 6 s 

compared to the latter two. The second fractionation is shown in full in Figure 15, and the inlay shows 

the beginning of all three. Because fractionation was started when the first peak was calculated to elute 

based on the UV-electropherogram, a better indicator of the fractionation repeatability is the relative 

migration times for the first five peaks, for which RSD <0.91%, which is adequate spot-to-spot 

reproducibility. A major source of error is likely the manual acquisition control and that the 

electrokinetic injection at -25 kV could not reach a stable voltage during the short injection time due to 

a voltage ramping circuit.  
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Figure 15. Electropherogram of a CE-MALDI fractionation. The large gap between 7.6 and 10 min is due to paused 

electrophoresis to allow moving the capillary from the outlet vial to the MALDI plate. Subsequent spikes in the electropherogram 

appear on every new fraction. Paper II, figure 1.  

4.3.2 Offline CE-MALDI compared to desalted sample 

The self-aligning properties of the AKD plate were useful during the fractionation by allowing excellent 

co-alignment of the deposited sample with droplets of trypsin and matrix, also automatically deposited. 

Self-aligning worked also under the fluorocarbon lid used for trypsin digestion, which will be discussed 

below.  

A standard sample cleanup was performed to compare with the results from fractionation. Part of the 

raw spermatophore sample was desalted: Hydrophobic and partly hydrophobic sample constituents, 

such as many proteins, were bound to a C18 ZipTip® (a C18 column inside a pipette tip), while other 

components, such as salts and sugars, were washed away. The bound sample was then eluted and 

analyzed. Comparing the mass spectrum of the desalted sample and the mass spectra of the fractions, 

both similarities and differences were seen. Most peaks were present in both the desalted sample and 

somewhere in the fractions, but there were some peaks in the desalted sample that were missing in the 

fractions, and vice-versa. This means that there is complementarity, and to obtain maximum 

information both desalted and fractionated samples should be analyzed. Some low intensity peaks in the 

desalted sample were obscured due to overlap with the isotope patterns of more intense peaks. These 

were revealed only after fractionation. Surprisingly, mostly low mass peptides were seen in the spectra; 

the highest m/z is just above 10000 as seen in linear mode. Figure 16 shows an overview of the spectra 

at 1000 - 10000 m/z obtained for all fractions, compared to the desalted sample. The same, but at 

5000 - 20000 m/z, is shown in Figure 17.  
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Figure 16. Overview of a) mass spectra from the fractions b) mass spectrum from the desalted sample. Darker and wider means 

higher intensity. 1000 - 10000 m/z. Paper II, figure 2. 

 

Figure 17. Overview of a) mass spectra from the fractions b) mass spectrum from the desalted sample. Darker and wider means 

higher intensity. 5000 - 20000 m/z. Paper II, figure 3.  
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4.4 Digestion under a fluorocarbon lid 

Common trypsin digestion protocols require hours to complete. The digestion must take place in 

solution and for larger scale digestions evaporation is not a problem since the surface to volume ratio is 

low, and it is usually performed in sealed vessels. For on-target digestion the volume is very small and 

the evaporation issue is commonly prevented by performing the digestion in a controlled humidity 

chamber. [84] Here, we utilized a fluorocarbon liquid lid over the plate, covering also trypsin droplets. 

The fluorocarbon liquid is very inert and will affect the sample minimally [85]. Trypsin droplets were 

automatically deposited on the anchors of the AKD plate directly through the liquid. For digestion 

termination the lid was removed and the solvent allowed to dry. This system is smaller, simpler, and 

cheaper than a controlled humidity chamber and allows the digestion to take place without moving the 

plate after trypsin deposition.  

Spectra from the 32 fractions after digestion showed that high masses have disappeared and some lower 

masses appeared. While the digestion of the desalted sample used a higher concentration of trypsin, 12.5 

compared to the 1.56 µg/mL for the fractions, this was still not enough for complete digestion, which is 

seen because high m/z peaks that were digested in the fractions are still remaining in the desalted sample 

(compare Figure 18 a and b).  

 

Figure 18. Overview after digestion of a) mass spectra from the fractions b) mass spectrum from the desalted sample. Darker and 

wider means higher intensity. 1000 - 10000 m/z. Paper II, figure 4.  
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4.4.1 Indigenous proteolysis 

A careful comparison of fractions before and after digestion unexpectedly revealed that several m/z 

present before digestion showed a high increase in intensity after digestion. The appearance of a new 

m/z after digestion indicates that it is a product of digestion of other peptides or proteins in the same 

fraction. An increase in intensity of an already existing mass thus indicates that a digest was present 

already before the addition of trypsin. Comparing fraction 6 before and after digestion (Figure 19), it 

is obvious that after digestion the high intensity peaks m/z 1755.7 (130000 au) and 1826.7 (69000 au) 

have disappeared, and that two peaks have increased drastically in intensity: m/z 1259.1 from 4400 a.u. 

to 55000 a.u., and m/z 1261.1 from 900 a.u. to 14000 a.u. This may be due to incomplete indigenous 

proteolysis of proteins. Since the bursa copulatrix, where the spermatophore is stored, of P. rapae is 

known to contain proteases, it is indeed plausible that proteolytic enzymes were present in the sample 

obtained from P. napi. This could also explain the absence of high masses in all spectra. Two 

explanations, or a combination thereof, can be hypothesized: Firstly, that partial proteolysis occurred in 

the sample before fractionation, and that in the fractions in question a digestion product appeared in 

the same fraction as its parent peptide/protein. Secondly, that proteolytic enzyme(s) were deposited in 

the fractions in question and partial proteolysis took place on target.  

 

Figure 19. Fraction 6 before (a) and after (b) trypsin digestion. Paper II, figure C.3. 
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4.5 Tandem MS and peptide matching for homologous protein search 

To characterize the proteins present in the spermatophore sample the 5 most intense peaks in the MS 

spectrum of each fraction, and the 10 most intense peaks in the desalted sample were chosen for 

automated MS2. MS2 spectra were also acquired after digestion for the desalted sample and selected 

fractions. The spectra were submitted to Mascot database search to compare them to theoretical spectra 

of all proteins present in the database for the Pieris genus at National Center for Biotechnology 

Information [86]. There were 20727 protein sequences, mostly from P. rapae, only 68 from P. napi. 

Notably, the number of spectra used here is very small compared to most proteomic studies, and 

homology searching is naturally less precise than searching a native database. Out of the 221 MS2 spectra 

acquired, 3 were suggested matches at 95% confidence, and even then at low scores. All three suggested 

homologies were from fractions that were not digested. In fact, digested fractions generally yielded 

worse MS2 spectra. The best scoring match was for the peptide HPLHQEIQQQQNNAA (precursor 

[M+H]+ 1755.68) of the protein splicing factor arginine/serine-rich 15 (isoforms X1-4) from P. rapae. 

As a protein involved in nucleic acid processing it is plausible that it is conserved between the butterflies. 

As can be seen in the assigned MS2 spectrum in Figure 20, only a-, b-, and y-fragments were found.  

 

Figure 20. Assigned a-, b-, and y-fragments of precursor [M+H]+ 1755.6802. Paper II, figure C.4 c. 
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5 Analysis of intact osteopontin by ESI-QIT-MS  

While our group has analyzed the biomarker osteopontin (OPN) in MALDI, results from LC-ESI failed 

to show the protein. OPN is implicated in many diseases [87, 88], cancer being one of the most 

researched. This is because OPN modulates cell adhesion and survival, and thus may be important in 

formation of metastases [87, 89, 90]. The function of OPN in healthy humans appears to be regulation 

of bone formation [91]. Since three splicing variants of OPN exist [92, 93], and the protein is subjected 

to extensive PTMs [87, 94-100] its analysis is not straightforward and therefore effort is made towards 

this. 

5.1 Optimization 

As ionization parameters, discussed in 2.3.1.2, are independent of mass analyzer voltages these may be 

optimized separately, and both were preliminary optimized on a Bruker amaZon speed ESI QIT.  

5.1.1 Sample solvent 

Several different compositions of sample solvent were tried. First, a common solvent mixture, 

H2O:MeOH 50:50 with 0.1% formic acid was tested. This mixture previously yielded excellent results 

for bovine serum albumin (BSA), which was easily detected at 1 µg/mL, but OPN could not be seen at 

50 µg/mL. Since OPN is heavily glycosylated and thus hydrophilic, a less hydrophilic solvent would be 

more suitable as a mismatch in solubility aids desolvation For example, H2O:MeOH 10:90 improved 

detection. Following literature on glycoprotein analysis, iPrOH was evaluated along with the addition of 

acetic acid [101, 102], or NH4OAc as have been used for sugars [103]. A high iPrOH content, H2O:iPrOH 

35:65 with 10 mM NH4OAc, gave sufficiently intense peaks for deconvolution at 50 µg/mL 

(Figure 21, top). This solvent was used for further optimization of ESI and ion trap parameters, and 

OPN at 10 µg/mL could be deconvoluted at maximum resolution (Figure 21, bottom). 

5.1.2 ESI parameters 

As mentioned, ESI is concentration dependent, so the flow rate was kept low to preserve the expensive 

sample. While recommended minimal flow rate for the used ion source is 2 µL/min, it was possible to 

get a stable spray at 0.7 µL/min, and 1 µL/min was used in the optimization. Parameters suitable for 

BSA [104] were used as a starting point.  

DOE is the most robust method for optimizing parameters, but such experimental designs rely on an 

objective measurement to optimize, such as S/N or intensity, which could not be done for OPN as the 

expected signal was unknown. Instead, for each sample solvent, firstly a stable spray formation was 

sought through a combination of the voltage and nebulizer gas pressure. Then, drying gas temperature 

and -flow was altered to reduce baseline noise. Any peaks then visible were optimized by small 

alterations of the above parameters. This led to the optimization and detection of contaminants such as 

poly(ethylene glycol) before OPN was found. After OPN peaks were detected, further optimization of 

ionization and trap parameters were possible by monitoring the S/N value of the main peak, ca 

m/z 1043. 

The preliminarily optimized values for ESI of OPN 10 µg/mL in H2O:iPrOH 35:65 with 10 mM NH4OAc 

were a capillary voltage of 4400 V, nebulizer pressure 0.7 bar, drying gas 5.0 L/min, and drying gas 

temperature 350°C (Figure 21, bottom).  
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5.1.3 Ion lenses and trap parameters 

Lastly, ion trap parameters were optimized. Not surprisingly, ion transfer optimum was found at 

m/z 1000. Trap parameters varied were the “compound stability” and “trap drive level”, where the 

optimum was compound stability 20% and a trap drive level of 80%.  

5.2 Deconvolution and interpretation 

Comparing the spectrum from the high concentration sample obtained at low resolution 

(Figure 21, top) with the spectrum from the low concentration sample obtained at high resolution 

(Figure 21, bottom), it can be seen that peaks around m/z 1001, 1049, and 1085 do not scale with the 

OPN concentration. Instead, they have a much higher relative intensity in the spectrum of the low OPN 

concentration (and are of high intensity in the blank), which strongly indicates that these belong to the 

background.  

Interestingly, two masses were deconvoluted from the ESI spectrum: 38.5 kDa and 29.6 kDa, as marked 

in Figure 21 (these masses have also been seen in MALDI [72]). Only a few peaks were seen for each 

mass, in contrast to what can be expected based on, for example, BSA spectra. However, glycoproteins 

have earlier been seen to yield few peaks [105]. As the protein backbone of the full length protein is 

33.7 kDa, the mass of 29.6 kDa cannot be explained solely by lack of PTMs. Possibly, the expression of 

recombinant human OPN in HEK cells may yield similar splicings as in humans, thus potentially 

producing three isoforms of OPN. Immunocapture methods that are commonly used to enrich low 

abundance proteins may recognize one or several of the isoforms of OPN depending on the binding 

domain [106-108]. This is a large problem in OPN quantification as different concentrations are 

obtained with different antibodies [109]. To counter this, our group has developed a method for OPN 

purification without using immunocapture [72]. 

 

Figure 21. Osteopontin in ESI-MS. Top: 50 µg/mL. Bottom: 10 µg/mL (Paper III, figure 2). Two masses are deconvoluted. The 

“+” sign of the charge is aligned exactly over the assigned peak.  
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5.3 Tandem MS 

For further confirmation of the deconvolution results the assigned peaks were analyzed by MSn. As seen 

in Figure 22, fragmentation of m/z 1015.91 and 1043.38, from the 38.5 kDa protein, both gave a high 

intensity peak at m/z 685.53 - 685.55 (+1). Fragmentation of m/z 1023.38, the main peak of the 

29.6 kDa protein, also yielded this fragment. This indicates a relationship between the peaks.  

 

Figure 22. MS2 spectra of peaks assigned to OPN. Paper III, figure 5. 
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6 Conclusions and future outlooks 

A concentration plate for MALDI analysis was constructed and evaluated in Paper I, and it was found 

to be significantly superior to both a regular steel target plate and to a commercial target plate in terms 

of S/N. The plate was used in the analysis of a complex sample in Paper II, and the manufacturing 

process enhanced along with the analysis of other complex samples. Still, it is conceivable that some 

increase in performance and versatility could be achieved by applying a true superhydrophobic coating 

of a material that does not wick non-polar solvents, which would potentially increase the concentration 

effect, and allow the use of non-polar solvents.  

Paper II used the concentration plate from Paper I to enhance the analysis of spermatophore proteins 

from P. napi in offline CE-MALDI fractionation. It was found that the concentration plate had excellent 

self-aligning properties, which ensured alignment of sample with trypsin and matrix. For automation a 

robot was constructed and programmed. Using this system on the spermatophore sample, a new method 

for automated trypsin digestion was demonstrated by depositing trypsin directly onto the sample spots 

while keeping the target plate submerged under a liquid fluorocarbon lid. In analyzing the 

MALDI-TOF-MS data indications of indigenous proteolysis of the spermatophore was found, in line 

with literature on the subject. Searching for homologous proteins by database comparison of MS2 

spectra yielded at best modest results. Thus, in future studies the volume of acquired MS2 spectra needs 

extension by orders of magnitude, possibly facilitated by fractionation from a wider capillary or longer 

injection time. Further, the database searching should be extended to allow for post-translational 

modifications, and to allow multiple peptide matches per protein to increase certainty. 

In the ongoing work in Paper III, analyzing OPN by ESI-MS, it is so far probable that intact OPN has 

been detected in two different isoforms. By extensive MS2 acquisition a reporter ion is suggested which 

could enable more reliable detection. Here, optimization of solvent, ESI-, and trap-parameters through 

DOE remains, not the least for other sprayers such as the sheath flow interface for CE-ESI-MS. The 

analysis may be extended to digested OPN or released glycans. Analysis of those and of real samples 

await the development of a compatible CE method. 
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