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Abstract 

Generating ultra-fine charged droplets using electrospray is crucial for attaining high 

ionization efficiency for mass spectrometry. The size of the precursor charged droplets depends on the 

spray flow rate and the conventional wisdom holds that the electrospray of nanoliter per min flow rate 

(nanoelectrospray) is only possible using narrow capillaries with an inner diameter of ~1 micrometer 

or smaller. In Chapter 2, the electrospray of aqueous solutions with high electrical conductivities 

generated from a large off-line capillary of 0.4 mm i.d. has been performed using a high-pressure ion 

source. The electrical discharge is avoided by operating the ion source at high pressure. The highly 

stable Taylor cone can be tuned to a near-hydrostatic state that exhibits the “true nanoelectrospray” 

properties, i.e. high salt tolerance and minimal ion suppression. The 𝑄1/2 scaling law describing the 

electrospray current 𝐼 and flow rate 𝑄 is found to be valid down to the nanoflow regime under a 

condition that is free of electrical discharge. The flow rate and the size of the initial droplets and 

ionization species can be controlled with the spray current as the indicator for the instantaneous flow 

rate. A continuous scan of the flow rate in this regime can trace the effect of droplet size in greater 

detail for a better understanding of the ionization process.  

To date, such practical implementation is hindered by the lack of a suitable liquid pump and 

the reproducibility of microcapillaries-based systems. In Chapter 3, an offline nanoESI mass 

spectrometry with a continuously varying flow rate in a dynamic range of several hundred pL/min to 

~100 nL/min was performed by precision scanning of the ESI high voltage (HV). The system is 

successfully applied to reveal the role of nanoflow rate on the average charge state of proteins, analysis 

of analyte mixture, and desalting effect. With the use of buffer solution with high electrical conductivity, 

a highly controllable oxidative modification was also observed by tuning the low flow rate.  

The finding is discussed in detail in Chapter 4. The highly tunable oxidation can be 

performed in line with the nanoESI-MS analysis at the same ESI emitter without the use of oxidative 

reagents such as ozone, H2O2, and UV activation. Oxidations occur as the electrical field at the tip of 

the Taylor cone or the initially produced charged droplet reaches approximately 1.3 V/nm. The 

oxidized ion signal responds instantaneously to changes in flow rate, indicating that the oxidation is 
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highly localized. Using isotope labeling, it was found that the incorporated oxygen primarily originates 

from the gas phase, suggesting a direct oxidation pathway for the analyte-enriched liquid surface by 

the reactive oxygen atoms formed by the strong electrical field. 

Acid-induced protein refolding is a phenomenon where a further increase in acidity in the 

most denaturing acidic solution will, on the contrary, lead to the refolding of the fully unfolded protein 

into a molten globule with a native-like compact conformation. The phenomenon takes place at ~pH 

1 in strong acid aqueous solutions with high electrical conductivity and surface tension, a condition 

that is difficult to handle using conventional ionization methods for mass spectrometry. In Chapter 5, 

a method based on high-pressure electrospray (HP-ESI) is developed to produce well-resolved mass 

spectra for proteins in strong acids with a pH as low as 1. The refolding is indicated by a shift in the 

charge state from high charges to native-like low charges. The addition of salt to the protein in the 

most denaturing condition also reproduces the refolding, thereby supporting the role of anions in this 

phenomenon.  

The electrospray under the steady cone-jet mode is highly stable but the operation state can 

shift to other pulsation or multi-jet modes owing to the changes in flow rate, surface tension & and 

electrostatic variables. In Chapter 6, a simple feedback control system is developed using the spray 

current and the apex angle of the Taylor cone to determine the error signal for emitter voltage correction. 

The system is applied to lock the cone-jet mode operation against external perturbations for online and 

offline electrospray. ESI-MS with feedback control is demonstrated to produce ion signal acquisition 

with long-term stability that is susceptible to emulated external disturbances. 

A bipolar ESI source is developed to generate a simultaneous emission of charged liquid jets 

of opposite polarity from an electrodeless sprayer in Chapter 7. The sprayer consists of two emitters. 

The sprayer and the liquid delivery system are made of all insulators without metal components, thus 

enabling the total elimination of electrochemical reactions taking place at the liquid-electrode interface 

in the typical electrospray emitter. The voltage-current and flow rate-current relationships of bipolar 

electrospray were found to be similar to the standard electrospray. The application of bipolar ESI to 

the mass spectrometry of protein, peptide, and metallocene without the electrochemically induced 

oxidation/reduction is demonstrated. 
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In Chapter 8, endeavor was made to investigate the electrospray ionization inside the narrow 

channel of the ion inlet tube. An insulating emitter capillary made of fused silica with 0.2 mm outer 

diameter was inserted into the ion inlet tubes with 0.5 & 0.6 mm inner diameter to aspirate all the 

charged droplets. A custom-made ion inlet tube with two side holes near its entrance is used to observe 

the spraying condition. A stable operation under a flow rate of 1- 4 L/min is found to be in the form 

of multi-cone-jet mode with two or more Taylor cones anchoring around the rim of the emitter. 

Comparison with the typical cone-jet and multi-jet mode operated several millimeters outside the inlet 

capillary shows signal enhancements for protein standards. 
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Chapter 1: General Introduction 

1.1 Mass Spectrometry 

Mass spectrometer 

Mass spectrometry (MS) is a technique used to study the molecular structure, chemical 

composition, and relative abundance of substances. It achieves this by measuring the mass-to-charge 

ratio (m/z) and relative abundance of ions in a sample. The continuous development of mass 

spectrometry technology has resulted in its increasing importance in scientific research and practical 

applications. It can be applied in various fields, including metabolomics analysis, drug discovery and 

development, environmental pollutant detection, and more. In general, the structure of a mass 

spectrometer can vary based on different analysis requirements and various application areas.  

A mass spectrometer consists of an ion source, ion transport system, mass analyzer, detector, 

and data acquisition system. The ion source operates at atmospheric pressure (1 bar), while the ion 

transport system (1-10-4 bar), mass analyzer (10-5-10-10 bar), and detector (10-5-10-10 bar) operate in a 

vacuum environment. The ionization source is the component responsible for converting the sample 

into ions. It can utilize various methods for ionization, such as electron impact ionization (EI)1–3, 

chemical ionization (CI)4–6, matrix-assisted laser desorption/ ionization (MALDI)7,8, and electrospray 

ionization (ESI)9. The choice of ionization source often depends on the nature of the sample. The mass 

analyzer is an important component of the mass spectrometer, responsible for the ions separation and 

analysis based on mass-to-charge ratio (m/z). Common types of mass analyzers include linear 

quadrupole (Q), quadrupole ion trap (QIT), time-of-flight (TOF), linear quadrupole ion trap (LIT), 

Fourier transform ion cyclotron resonance (FT-ICR), and Orbitrap. Each type of mass analyzer 

operates on different principles and exhibits unique performance characteristics. Detectors in mass 

spectrometry are used to measure the relative abundance and mass-to-charge ratio (m/z) signals of ions. 

Commonly used detectors include Multi-Channel Plate (MCP) detectors, Photomultiplier Tubes 

(PMTs), and Micro Channel Plates (MCPs), among others. These detectors are designed to convert 
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ions into measurable signals, which are then amplified and recorded for data analysis. The choice of 

detector depends on factors such as the desired sensitivity and dynamic range. The data system is 

designed to convert the signals from the mass spectrum into mass peaks and provide corresponding 

data analysis functionalities. It plays a crucial role in extracting meaningful information from the raw 

data. During the analysis process, the sample undergoes an ionization process to convert it into ions. 

After ionization, the ions are accelerated by an accelerator and then deflected in a magnetic field or 

electrical field, allowing ions with different mass-to-charge ratios (m/z) to be separated. After the ions 

were separated, they were transported to the detector of the mass spectrometer, which measures the 

ions' mass-to-charge ratio and relative abundance. This data is typically presented in the form of a mass 

spectrum, where the x-axis represents the mass-to-charge ratio (m/z) and the y-axis represents the 

relative abundance. 

Orbitrap analyzer 

The mass spectrometry data in this thesis were obtained using an Orbitrap mass spectrometer. 

The core of the Orbitrap mass spectrometer is a mass analyzer called the Orbitrap. The Orbitrap mass 

analyzer is based on an orbit consisting of two concentric electrodes: inner and outer electrodes. In the 

mass spectrometer, ions are injected into the central region of the Orbitrap, where they orbit around 

the central axis. The ions' motion generates a resonant frequency, which is proportional to their mass-

to-charge ratio. By measuring the oscillation frequency of the ions, their mass-to-charge ratio can be 

determined, resulting in high-resolution mass spectral data. 

1.2 Electrospray ionization 

Electrospray & Ionization mechanism 

Electrospray ionization mass spectrometry (ESI-MS) is an indispensable tool for the analysis 

of a wide range of biomolecules such as peptides, proteins, and polymers. ESI is a so-called “soft 

ionization” technique since there is very little fragmentation. Upon the application of a high potential 

to the liquid at the ESI emitter, the strong electrical field cause the emission of charged droplets of the 
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sample solution, and the desolvation of droplets generates the gaseous ions of the solute.  

When a conductive liquid meniscus anchored to the outlet of a capillary is charged, its free 

surface first deforms to attain a static shape in which the stress owing to the surface tension balances 

out the electrostatic stress and other external components. Further increase of the electrical potential 

causes the liquid meniscus to vibrate with the erratic ejection of bulk liquid droplets. However, upon 

reaching a certain critical potential, the liquid meniscus suddenly turns into a remarkably stabilized 

cone with a jet of fine droplets issuing from its apex10,11. With the presence of a heat bath (e.g. spraying 

under an atmospheric pressure ambient), the charged droplets emitted from the Taylor cone undergo 

solvent evaporation, and the shrinkage in droplets size raises the charge density. As the excess charge 

approaches the Rayleigh limit,12 which is the maximum charge the surface tension of a spherical 

droplet of a given radius can hold, the instability of the precursor droplet initiates the release of 

secondary droplets with their radius much smaller from the precursor one. This Coulombic fission 

(henceforth referred to as Rayleigh fission) repeats down to the formation of late-stage droplets where 

the generation of gaseous ions takes place via the ion evaporation,13 charged-residue,14 chain ejection15, 

or the recently proposed bead ejection16 mechanisms.  

Accompanying reactions for ESI: electrochemical and corona discharge 

The flow of current in the electrospray of the solution involves ions, therefore the loop of 

the electrical circuit needs to be closed by electrochemical reactions at the electrode/solution interface. 

Owing to this reason, Kerbale et al. viewed the ESI source as “an electrolytic cell of a special kind”17. 

Although the presence of electrochemical processes in the electrode interface of electrospray is 

indisputable, there are debates on its importance on ESI18. From an electrohydrodynamic point of view, 

the details of the involving electrochemistry are not essential in predicting the physical behavior of 

electrospray. But from a mass spectrometric point of view, the electrochemical reactions alter the 

composition of the electrospray solution and affect the MS results, therefore its effects can not be taken 

lightly. In the positive ion mode, the consequence of the electrochemistry are i) corrosion of the 

electrode that releases the metal ions to the solution, ii) the oxidation of solvent or analytes, and iii) 

the neutralization (oxidation) of the anion of the analyte or buffer salts. The corrosion of electrodes 

can be prevented by the use of inert materials such as platinum but that will instead give rise to other 



4 

 

reactions such as the oxidations of solvent or analytes19,20. In the negative ion mode, the reduction can 

result in the deposition of metal ions on the electrode21. For an unbuffered solution, there could also 

be a change in pH caused by the inherent electrolytic process of the ESI source19,20. This intrinsic 

electrolytic effect of electrospray has also been exploited for analytical applications such as the 

detection of radical cations M+• of porphyrins22.  

In the operation of ESI, apart from oxidation occurring near the electrodes, oxidation 

phenomena can also take place at the tip of the Taylor cone under specific conditions. For example, 

Electrical discharge (e.g. corona discharge) takes place when the potential at the ESI emitter or on the 

conductive liquid surface exceeds the threshold voltage for gaseous breakdown. The reactive oxygen 

species (ROS) generated by the discharge is known to cause the oxidation of analyte generated from 

ESI. Because the discharge could disrupt the stability of the electrospray and generate unwanted 

background ions, it usually needs to be avoided. The electrospray discharge relies on water samples 

with high surface tension. Therefore, in traditional electrospray, it is necessary to avoid using pure 

water samples and instead add additional organic solvents to reduce the surface tension. Another 

method like high-pressure ESI based on Paschen's law has been developed to prevent the discharge 

during the electrospraying of pure aqueous solution23. 

Relationship between flow rate and current & Nanoelectrospray 

Flow rate is an important parameter in electrospray, as it influences the ionization process. 

When the electrospray operates in the Taylor cone mode, we have verified the relationship between 

the flow rate and the spray current, which follows popular 𝑄1/2 law. The popular 𝑄1/2 law is the 

one by Fernández de la Mora and Loscertales (FL) in which the electrospray current 𝐼 is given with 

good accuracy by24 

 
𝐼 = 𝑓(𝜖𝑟) (

𝛾𝐾𝑄

𝜖𝑟
)

1/2

 
(1) 

, where 𝜖𝑟 is relativity permittivity, 𝛾 is surface tension, 𝐾 is the electrical conductivity of the liquid, 

and 𝑓(𝜖𝑟) is an empirically determined coefficient that varies with the relative permittivity of the 

liquid. For liquids such as aqueous solutions with 𝜖𝑟 > 40, 𝑓(𝜖𝑟) = 18. Eq. (1) is not influenced by 

the gas pressure of the ESI working environment, and it is not limited by online or offline conditions. 
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For highly conductive aqueous samples, the flow rate can reach as low as several hundred pL/min. 

Due to its high surface tension and large electrical conductivity, it is challenging to perform a stable 

electrospray of pure aqueous solutions under atmospheric pressure. In the case of traditional 

atmospheric pressure electrospray (AP-ESI), this challenge was addressed by reducing the size of the 

emitter top to several nanometers. The relationship between flow rate and electrical current in 

atmospheric pressure nanoelectrospray (AP-nanoESI) does not follow Eq. 1. However, it can be 

determined that the droplet size does not exceed the size of the emitter orifice. 

Manners of operation: online and offline 

The ESI can be operated in online and offline manners. The online operation employs a 

liquid pump such as a syringe pump or LC pump to deliver the solution to the sprayer, usually at a 

constant flow rate. Online operation is widely used in LC-MS and other routine analyses that require 

a constant supply of samples. For a given flow rate and HV, the electrospray condition can vary across 

different spraying regimes, i.e. dripping, pulsation/oscillation (in the kHz range), steady cone-jet, and 

multi-jet modes25. Among those regimes, the steady cone-jet mode is usually the preferred operating 

mode because it is highly stable as manifested by the stationary geometry of the liquid cone (Taylor 

cone) and a near-constant spray current. The apex angle of a static Taylor cone without pressure 

difference across the liquid-air interface is 98.611. The stable operation of cone-jet mode depends on 

the applied HV, surface tension, and electrical conductivity. In the offline electrospray, the liquid 

loaded inside the capillary sprayer or liquid reservoir is drawn to the emitter by the electrospray. Unlike 

the online operation where the flow rate is regulated by the pump, the liquid flow rate is controlled 

solely by the high voltage. Offline electrospray has been performed using pulled-glass nanoESI 

capillary26, wet metallic wire or solid needle emitter27,28, solid substrate29, paper30, and pipet tip31. 

Recently we also reported an offline nanoESI using micropipette tips with large i.d. for highly 

conductive aqueous solutions32,33. 
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Chapter 2: Fundamental study of HP nanoESI: using novel ESI emitter  

Summary 

Generating ultra-fine charged droplets using electrospray is crucial for attaining high 

ionization efficiency for mass spectrometry. The size of the precursor charged droplets depends on the 

spray flow rate and the conventional wisdom holds that the electrospray of nanoliter per min flow rate 

(nanoelectrospray) is only possible using narrow capillaries with an inner diameter of ~1 micrometer 

or smaller. Here, the electrospray of aqueous solutions with high electrical conductivities generated 

from a large off-line capillary of 0.4 mm i.d. has been performed using a high-pressure ion source. The 

electrical discharge is avoided by operating the ion source at high pressure. The highly stable Taylor 

cone can be tuned to a near-hydrostatic state that exhibits the “true nanoelectrospray” properties, i.e. 

high salt tolerance and minimal ion suppression. The 𝑄1/2 scaling law describing the electrospray 

current 𝐼 and flow rate 𝑄 is found to be valid down to the nanoflow regime under a condition that is 

free of electrical discharge. For a given solution, the flow rate and the size of the initial droplets and 

ionization species can be controlled with the spray current as the indicator for the instantaneous flow 

rate without changing the emitter capillary of different sizes. Application-wise, the nanoelectrospray 

with a large micropipette tip is easy to use, free of clogging when dealing with viscous and high salt 

buffer solutions, and with reduced surface interaction with the emitter inner surface. Acquisition of 

very clean mass spectra of proteins from concentrated solutions of nonvolatile salts such as phosphate-

buffered saline is demonstrated. 

Introduction 

When a conductive liquid meniscus anchored to the outlet of a capillary is charged, its free 

surface first deforms to attain a static shape in which the stress owing to the surface tension balances 

out the electrostatic stress and other external components. Further increase of the electrical potential 

causes the liquid meniscus to vibrate with the erratic ejection of bulk liquid droplets. However, upon 

reaching a certain critical potential, the liquid meniscus suddenly turns into a remarkably stabilized 

cone with a jet of fine droplets issuing from its apex10,11. The cone, which is called the Taylor cone is 
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involved in electrospinning, electrospray, and liquid metal ion sources34. With the presence of a heat 

bath (e.g. spraying under an atmospheric pressure ambient), the charged droplets emitted from the 

Taylor cone undergo solvent evaporation, and the shrinkage in droplets size raises the charge density. 

As the excess charge approaches the Rayleigh limit,12 which is the maximum charge the surface tension 

of a spherical droplet of a given radius can hold, the instability of the precursor droplet initiates the 

release of secondary droplets with their radius much smaller from the precursor one. This Coulombic 

fission (henceforth referred to as Rayleigh fission) repeats down to the formation of late-stage droplets 

where the generation of gaseous ions takes place via the ion evaporation,13 charged-residue,14 or the 

recently proposed chain ejection15 mechanisms. Through electrospray ionization (ESI),35 the soft mass 

spectrometry for large biomolecules (ESI-MS) has brought revolutionary impacts on analytical 

chemistry, biochemistry, and medicine. 

In the absence of gravity and space charge effects, Taylor showed that a rigorous analytical 

solution exists for a semi-infinite cone in which the stresses due to surface tension and electrostatic 

balance out each other exactly at any point on its equipotential surface. In that special case, the pressure 

difference across the liquid-air interface is zero and the semi-vertical angle (or half apex angle) 𝛼 of 

the pure Taylor cone is 49.3 (see Figure 2.1 inset for the assignment of 𝛼). That angle is also called 

Taylor angle 𝛼𝑇. In practice however, a true static Taylor cone has never been observed. Although the 

shape of the Taylor cone may appear stationary under a cone-jet mode, 𝛼 is always smaller than the 

Taylor angle, and the deviation |𝛼 − 𝛼𝑇| was found to increases with the solution flow rate.36 The 

structure of a non-static Taylor cone so far cannot be described using a simple analytical form. 

Approximations using dimension analysis and empirical modeling led to the development of scaling 

laws that determine the electrospray current, and the size of the initial charged droplets using 

fundamental physical variables of liquid such as flow rate 𝑄, relativity permittivity 𝜖𝑟, density 𝜌, 

viscosity 𝜇, surface tension 𝛾, and electrical conductivity 𝐾. One example is the 𝑄1/2 law for spray 

current for the liquid with sufficient electrical conductivity.24,37,38 The popular 𝑄1/2 law is the one by 

Fernández de la Mora and Loscertales (FL) in which the electrospray current 𝐼 is given with good 

accuracy by24 

 
𝐼 = 𝑓(𝜖𝑟) (

𝛾𝐾𝑄

𝜖𝑟
)

1/2

 
(1) 

, where 𝑓(𝜖𝑟) is an empirically determined coefficient that varies with the relative permittivity of 
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the liquid. For liquids such as aqueous solutions with 𝜖𝑟 > 40, 𝑓(𝜖𝑟) = 18. Eq. (1) has been well 

established for the micro-flow system that uses external liquid pumps for flow regulation. Under a 

cone-jet mode, the spray current is entirely determined by the liquid flow rate independent of the 

charging potential and other electrostatic parameters. The order of magnitude for the radius of the 

initial droplet 𝑅𝑜 is given as24 

 
𝑅𝑜~ (

𝜖𝑜𝜖𝑟𝑄

𝐾
)

1/3

 
(2) 

where 𝜖𝑜  is the vacuum permittivity. From the scaling laws, it is well known that fine and 

monodisperse droplets can be produced by decreasing the flow rate and by increasing the electrical 

conductivity.24,37 However, the flow rate 𝑄 in Eq. (1) & (2) cannot be set to an arbitrarily small value. 

Experimentally, there exists a minimum flow rate 𝑄min to form the cone-jet and its order of magnitude 

is expressed as24,39 

 
𝑄min~

𝜖𝑜𝜖𝑟𝛾

𝜌𝐾
 

(3) 

The physics behind its existence is still not well understood. It is also noted that the size of the emitter 

capillary does not enter Eq. (1) – (3). The validity of scaling laws is also not without a limit. Fernández 

de la Mora et al. cautioned their use for liquids with 𝐾 > 1 S/m because the field strength can become 

so high that the direct emission of ions from the Taylor cone surface becomes possible.40 S/m is 

Siemens/meter, the SI unit for conductivity. Scaling laws for the droplet emission at the nanometer 

scale are expected to follow those of the micrometer scale but concrete evidence and extensive research 

on this area is still lacking. 

Nanoelectrospray (nanoES) refers to a variant of electrospray that uses fine capillaries,26,41 

typically with inner diameters < 20 m as a means to restrict the liquid flow rate under 1000 nL/min. 

Flow rate regulation using precision liquid pumps and the application of backpressure to the capillaries 

are also used in practice. Although any flow regime below 1 L/min is nowadays referred to as 

nanoelectrospray,42 there exists a unique operation at 20 nL/min, in which Karas et al. called the 

“true nanoelectrospray” because it is “more than just a minimized-flow electrospray ionization 

source”.43 The unique feature is related to the generation of initial charged droplets of nanometer size 

that carry a high charge density, contain only one or a few analytes molecules per droplet and undergo 

a smaller number of Rayleigh fission to generate gaseous ions. As a result, the true nanoESI has a high 

tolerance to salt and minimal analyte ion suppression effect, i.e. the preference of surface-active 
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compounds for the competition of excess charge over the less surface-active one can be effectively 

reduced.44 Recent developments on nanoESI have seen the further downsizing of the emitter using 

sub-micron capillaries.45–47 However, besides the issue of reproducibility, fine capillaries are prone to 

blockages and require frequent replacement. Unwanted interactions of analytes with the inner surface 

of the capillary also becomes more pronounced with a smaller inner diameter.48 Flow rate measured 

for capillary-based nanoESI also showed a discrepancy from 𝑄1/2 law for the.49 Because the 𝑄1/2 

law assumes a much smaller jet diameter with relative to the nozzle diameter, its adoption to very fine 

capillary system is not well justified in principle. Despite its popularity for >1 L/min flow regime, 

the validity of the 𝑄1/2 scaling laws has not been extensively verified for i) 1 S/m aqueous solution, 

ii) flow regime of <20 nL/min, iii) operation in which the regulation of flow rate is done using high 

potential without external pumps, and iv) independence on emitter size for the generation of nanoESI 

equivalent droplets. This work attempt to address those issues by characterizing the Taylor cone of 

highly conductive aqueous solutions generated from a capillary of 0.4 mm i.d. (micropipette tip) which 

is large in the conventional sense. This work also focuses on the 100% aqueous solution which is the 

most common solvent in chemistry, yet the least friendly one for electrospray due to its high surface 

tension. Here, a condition that is completely free of electrical discharge is provided by performing the 

electrospray under a high-pressure (>1 atm) environment, a technique which has been developed in 

our laboratory previously.23 The tendency for discharge depends on the mean-free path of electron and 

gas molecules. Increasing the pressure of gas surrounding the ESI electrodes shifts the onset potential 

for discharge to a higher value but leaves the onset voltage for ESI unchanged. Besides preventing the 

discharge for high surface tension solutions, the high-pressure operation enhances the performance of 

conventional nanoESI for native proteins,50–52 and enables the electrospray of liquid kept at 

temperatures higher than the normal boiling point for high-throughput proteomics53 and high-

temperature liquid chromatography.54,55 The reduced flowrate operation using gel-loading tips of 0.1 

mm i.d. was noticed under the high-pressure,56 but its nature and its relevance to the scaling law had 

not been explored previously. 
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Experimental section 

A simplified schematic of the ion source is shown in Figure 2.1. Polypropylene pipette tips 

with a tip opening inner diameter of 0.4 mm (Eppendorf, Hamburg, Germany) were used as the 

electrospray emitters and the liquid reservoirs. The loaded liquid was made contact with the high 

potential by inserting a platinum wire (dia: 0.2 mm) into the pipette tip. The whole emitter tip was 

placed inside a high-pressure chamber which was consisted of an aluminum chamber and an insulating 

flange made of polyetheretherketone (PEEK). The ion source was attached with viewports for the 

microscopic inspection of the Taylor cone. The ion source could be operated up to 6 bar gauge pressure 

using dry air from an air compressor. To eliminate the electrical discharge, the ion source was 

pressurized to a default gauge pressure of 2.5 or 5 bar using compressed air. 

 

Figure 2.1. Simplified schematic of the high-pressure nanoESI source for highly conductive aqueous 

solution. Insets show magnified photographs of the Taylor cone, semi-vertical angle 𝛼, polar angle 𝜃 

pointed to the equipotential surface, and electrode distance 𝑑 measured from the surface of the counter 

electrode to the apex of the Taylor cone. Here 𝛼 = 49, 𝑑 = 1 mm. 
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MS measurements were performed using a benchtop Orbitrap mass spectrometer (Exactive 

Plus, Thermo Fisher Scientific, Bremen, Germany). The default instrumental settings for the mass 

spectrometer were as follows: the temperature for the ion transport tube: 300 C, S-lens voltage: 80%. 

The maximum ion injection time was 100 ms. The pressure in the fore vacuum was 1.4 mbar. The 

high-pressure ion source was coupled to the mass spectrometer using three different methods. Method 

I was the default one in which a 50 mm stainless-steel tube (i.d. 0.5 mm) was used to transport the ion 

to the atmospheric pressure side. Under the default ion pressure (2.5 bar gauge pressure), the gas flow 

rate measured at the atmospheric side was 4.8 L/min. The high-speed carrier gas containing the ions 

and fine droplets was directed towards to ion inlet of the mass spectrometer. The distance between the 

ion source outlet nozzle and the MS inlet was approximately 5 mm. Method II used a custom-made 

ion transmission tube of 0.5 mm i.d. to transmit the ions directly from the high-pressure chamber to 

the vacuum. A mechanical booster pump (ULVAC, Kanagawa, Japan) was added to the mass 

spectrometer to keep the first vacuum stage at 1.4 mbar. Method III was similar to Method II but an 

ion inlet tube of 0.25 mm i.d. was used and a higher ion source gauge pressure (~6 bar) was used to 

maintain the original gas throughput of the mass spectrometer. Schematics for coupling Methods I-III 

are shown in Figure 2.2. The ion source chamber and the liquid meniscus were at room temperature 

and the temperature of the operating air was monitored using a humidity/temperature sensor. Details 

of the measurement of spray current, solation flow rate, microscopic inspection of Taylor cone, and 

the chemicals are included. 
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Figure 2.2. Coupling methods for connecting the high-pressure ion source to the mass spectrometer.  

a) Method I: Default method in this study. At the default gauge pressure of 2.5 bar (~3.5 atm), the gas 

flow rate measured at the atmospheric pressure side was 4.8 L/min. The linear velocity of the gas flow 

inside the pressurized ion transmission tube was approximately 116 m/s. The length of the tube was 

approximately 50 mm, thus the residence time was ~0.4 ms. 

b) Method II: A custom-made ion inlet tube of 0.5 mm i.d. is used to transmit the ions directly from the 

high-pressure ion source to the vacuum. A mechanical booster pump is added to the mass spectrometer 

to keep the first vacuum stage at ~1.4 mbar. 

c) Method III: An ion inlet tube of 0.25 mm i.d. The ion source is pressurized to 5~6 bar gauge pressure 

to maintain the original gas throughput of the mass spectrometer.  

The custom ion transmission tube was made of straight-cut stainless-steel tubes commercially available 

as consumables for GC application. 
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Results and Discussion 

Electrical characteristics 

The voltage-current characteristics of the Taylor cone were evaluated by ramping the 

potential applied to the liquid (see Figure 2.3). The onset of the electrospray was indicated by an abrupt 

increase in spray current with an overshoot during the ramping-up sequence. The current overshoot 

was sometimes followed by current fluctuation which may be related to the pulsation mode observed 

in the typical electrospray. The fluctuation stopped when the voltage swept past a certain threshold and 

a stabilized Taylor cone was formed. In the ramping-down sequence, a step decrease in spray current 

indicates the position of minimum current. It is noted that onset voltages (Vonset) to initiate the spray 

were 120V~200V higher than the minimum voltages (Vmin) that were needed to sustain the Taylor 

cone. We conjecture that during the ramping-up sequence, the volume of the liquid meniscus at the tip 

was not enough to form the Taylor cone at Vmin. A higher potential up to Vonset was needed to draw 

the liquid to the tip to surpass a minimum liquid volume. It was in contrast to the typical liquid pump-

driven system where the onset of the pulsation mode is often several hundred volts lower than that of 

the cone-jet mode. 
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Figure 2.3. Response of electrospray current with the applied potential to the liquid. a) Ramping of applied 

potential. b) Recorded spray current. The onsets of spray current are indicated by the arrowed dashed lines. 

The voltages corresponding to the minimum currents are marked with dashed lines without the arrow. The 

solution here is 100 mM NaCl in water (𝐾 = 1 S/m). 
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Figure 2.4 shows the current-voltage characteristic curve (I-V curve) for the electrospray of 

various solutions of different electrical conductivities prepared by different concentrations of NaCl in 

water. The I-V curves are constructed from the instantaneous voltage and current data for a single 

Taylor cone formation event. The vertical arrows indicate the position of the onset potential. The 

deviation in minimum voltages was due to the small variation in distance d when the sample solutions 

were changed. The obtained I-V curve was found to be different from that of the typical electrospray. 

For the electrospray which is operated using external liquid pumps, there is an operating voltage 

window in which cone jet mode remains stable. In those situations, upon reaching the cone jet mode, 

the spray current nearly does not change with the voltage until the onset of multiple jet mode. Here, 

the characteristic current plateau of cone-jet mode was not observed. The hysteresis effect, i.e. different 

value of spray current under the same emitter potential which is found in the typical electrospray I-V 

curve was also absent. The observed experimental minimum currents were 76  7 nA, 57  5 nA, 33 

 4 nA & 31  5 nA for the electrical conductivities of 8.6, 1.0, 0.1, 0.01 S/m, respectively. These 

values were smaller than the minimum currents predicted using Eq. (2) & (3). Since Eq. (3) only gives 

an estimate for 𝑄min, the improvement of the scaling law on this aspect is still necessary. 
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Figure 2.4. Current-voltage characteristic curve for the electrospray of a) 1 M, b) 100 mM, c) 10 mM, and d) 

1 mM NaCl aqueous solution. Arrows indicate the direction of the current change. Electrical conductivities 

are 8.6 S/m (a), 1.0 S/m (b), 0.1 S/m (c), and 0.01 S/m (d). 
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The minimum spray current is related to the minimum flow rate that can be sustained by a 

Taylor cone. To perform the measurement, the high potential applied to the liquid was quickly ramped 

up to form the Taylor cone, and then slowly ramped down (1/volt per step) at a rate of 4 V/s while 

recording the spray current. The current value before the drastic drop of current accompanied by the 

collapse of the Taylor cone is assigned as the minimum electrospray current. Figure 2.5 shows the 

minimum electrospray current at different gauge pressures for 1 M Tris-HCl (K = 5.35 S/m), PBS (K 

= 1.58 S/m), 100 mM AA (K = 0.95 S/m), and 1 v/v % FA (K = 0.28 S/m). The minimum spray current 

was found to decrease with the operating pressure of the ion source. It was likely a space charge effect 

as the ion drifts slower under high pressure. A lower attainable spray current also indicated a reduced 

solution flow rate under a high-pressure condition, which is a welcoming effect for nanoESI. Assuming 

that the scaling law still holds, the minimum flow rate for 1M Tris-HCl which is the solution with the 

highest conductivity is approximately 180 pL/min, though direct verification by flow rate measurement 

was difficult due to the limitation set by the evaporation. 
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Figure 2.5. The minimum spray current measured at different gauge pressure for aqueous solutions of 1M 

Tris-HCl (5.35 S/m), PBS (1.58 S/m), 100mM ammonium acetate (AA, 0.95 S/m), and 1% v/v formic acid (FA, 

0.28 S/m). 
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Structures of the Taylor cone 

Microscopic images in Figure 2.6 show the shapes of the Taylor cones for aqueous solutions 

of different electrical conductivities (8.6 S/m to 0.001 S/m) at different spray currents. Each column 

represents the images for the solution of the same electrical conductivities, arranged from the top to 

bottom in ascending order for spray currents. The resolution of the magnifying lens was 700 nm. 

Illumination had also been performed using a green laser (wavelength: 532 nm) as shown in Figure 

2.7. For spray currents below 500 nA, apparent jets with a diameter 1 m were only observable for 

less conductive solutions (0.01 S/m and 0.001 S/m) using the optical method. At high current, the 

liquid meniscus took the shape of a cusp similar to those observed in liquid metal ion sources.34 The 

semi-vertical angles of the Taylor cone 𝛼 determined from microscopic images are plotted against 

the spray current in Figure 2.8. At the current near the minimum values, the shape of the Taylor cone 

approached an ideal shape with 𝛼~𝛼𝑇 for 𝐾 > 0.01 S/m . With the increase of current, 𝛼 of the 

asymptotic cone reduced as expected with the current due to a higher solution flow rate, in agreement 

with the earlier report that used liquid pump for flowrate regulation.36 
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Figure 2.6. Structures of Taylor cone for NaCl aqueous solutions of different electrical conductivities at 

different spray currents. Columns from left to right: decreasing electrical conductivities (8.6 S/m to 0.001 

S/m). Rows from up to down: increasing spray current. 
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Figure 2.7. Microscopic image of an aqueous Taylor cone illuminated using a green laser (Nd: YAG, 2nd 

harmonics, 532 nm wavelength). A razor blade was used to block the main beam in front of the microscope 

to capture the scattered light from the edges of the Taylor cone. The apex angle is ~99. Liquid: 1% v/v 

formic acid aqueous solution (electrical conductivity: 0.28 S/m). 

 

 

Figure 2.8. Semi-vertical angle of the Taylor cone  versus electrospray current for NaCl solutions of 

different electrical conductivities. The dashed line denotes the theoretical Taylor angle. 
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Flow rate-spray current relationship 

Figure 2.9 shows the measurement of solution flow rates at different electrospray currents. 

The spray current was controlled solely by the applied voltage. Evaporation during the measurement 

was minimized by maintaining the relative humidity of the air supplied to the ion source at 90% using 

the bubbling method. The curves plotted using Eq. (1) are indicated as dashed lines. The values of 

surface tension under different NaCl concentrations were estimated using the model by Dutcher et al.57 

The measured values are in good agreement with the FL scaling law for Figure 2.9. Sources of error 

include the initial ejection of the relatively large droplet during the initialization of the Taylor cone, air 

drag, and the evaporation of water under 90% relative humidity. A rough estimation using the Hertz-

Knudsen equation gave the evaporation rate at the order of ~1 nL/min which set the lower limit of our 

present measurement. The measurement of evaporation rate for a slightly charged liquid meniscus 

without forming the Taylor Cone gave a value is ~0.5 nL/min. We assume an error of  1 nL/min for 

the flow rate measurement in Figure 2.9. In sum, the results show that the 𝑄1/2 law can be safely 

applied for aqueous solutions down to several nL/min flow regimes, and the spray current was a 

reliable indicator of instantaneous flow rate if the system was free of electrical discharge. The anomaly 

in the spray current caused by the direct ion emission during the electrospray of formamide in a high 

vacuum40 was not observed. Hereafter, the solution flow rate and the radius of the initial charged 

droplets are estimated based on Eq 1 and Eq 2 and the measured spray currents. 
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Figure 2.9. Validation of the scaling law for the spray current and the flow rate under the nanoflow regime. 

For aqueous solution, 𝐼 = 18√𝛾𝐾𝑄/𝜖𝑟. 𝜖𝑟 is relativity permittivity, 𝛾 is surface tension, 𝐾 is the electrical 

conductivity of the liquid. The dashed line depicts the theoretical curve. The result shows that the scaling law 

is independent of the ion source pressure. AA: ammonium acetate, FA: formic acid. 
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BaBr2 as a probe for initial droplet size 

The scaling law predicts a smaller initial droplet at a lower current but they are of submicron 

sizes and could not be measured directly in this study. Karas et al. proposed to use the ion signal of a 

suitable inorganic salt to reflect the size of initial droplets qualitatively.44 They used barium bromide 

as the probe analyte and postulated that a smaller initial droplet would produce a higher ratio of [Ba2+ 

+ Ba+]/[BaBr+]. Their MS analysis of 0.1mM BaBr2 in ethanol using nanoelectrospray with fine 

capillaries had shown that the ratio did decrease with the increase of solution flow rate. Here, we 

performed a similar measurement, but to attain a suitable electrical conductivity, we used a 10 mM 

BaBr2 aqueous solution (K = 0.24 S/m). The parameters of MS instruments were adjusted to optimize 

the detection of B2+ and BaBr+. Ba+ was not detected in our measurement and there was also a 

significant contribution from the singly charged and doubly charged species of [BaOH]+ and 

[Ba2(OH)2]
2+. The measurement of these ion signals at different spray currents (Figure 2.10) shows a 

similar trend obtained by Karas et al., validating the spray current in our system as an indicator for 

flow rate and droplet size. 
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Figure 2.10. a) Ion signals for Ba

2+
, [BaOH]

+
 plus [Ba2(OH)2]

2+
, and BaBr

+
 acquired from 10 mM BaBr2 in pure 

water solution at different spray currents. b) Mass spectrum obtained at spray current of 350 nA. 
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Effect of ion inlet temperature 

In the typical operation of the conventional ESI sources, the heating of the ion inlet capillary 

of the mass spectrometer provides further desolvation to the droplets and prevents the clustering of 

ions with the solvent molecules during the adiabatic expansion. Droplets of sub-micrometer size 

generated by the true nanoelectrospray take a much shorter time to evaporate the solvent and undergo 

less number of Rayleigh fission to release the gaseous ions. This allowed the nanoESI emitter to be 

placed at ~1 mm or shorter to the ion inlet to aspirate most of the ions and required a much lower 

temperature for the ion inlet capillary than the typical >250 C. Measurements were made to evaluate 

if the present electrospray operated at near minimum spray current also exhibits that property. To rule 

out the desolvation effect caused by the high-speed airflow when the droplets/ions were released to the 

atmospheric pressure region, the high-pressure ion source was connected directly to the MS vacuum 

via custom-made ion inlet tubes using Methods II & III. The sample in use was cytochrome c prepared 

in a 1% v/v formic acid aqueous solution (𝐾 = 0.28 S/m). The distance between the apex of the Taylor 

cone to the inlet is 0.8 mm. The spray current was maintained at 100 nA and the estimated flowrate 

and radius were 7 nL/min and 68 nm. Figure 2.11a shows the response of the total ion signal of 

cytochrome c over a wide range of ion inlet temperatures from 50 C to 300 C acquired using Method 

II. Overall, The near independence of ion signal on the inlet capillary temperature down to ~50 C 

indicates a small initial droplet size as predicted by the scaling law. For comparison, a typical response 

of an ESI at a flow rate ~170 nL/min is depicted in Figure 2.11b, showing the rise in signal intensity 

with temperature before reaching a plateau at 250 C. 
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Figure 2.11. TIC of 2.5×10
-6 

M originated from cytochrome c acquired at different temperatures of the ion 

inlet capillary using different ion sources. a) Present HP-ESI ion source using pipet tip. b) Conventional ESI 

sprayer with a syringe pump. The liquid in (a) is a 1% v/v formic acid aqueous solution (𝐾 = 0.28 S/m). HP-

ESI source in (a) is coupled to the mass spectrometer using coupling Method II. 50% methanol aqueous 

solution with 1% v/v formic acid is used in (b) to optimize the stability of the electrospray under atmospheric 

pressure. The distance between the apex of the Taylor cone to the inlet is 0.8 mm. 
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Sample in formic acid     

Figure 2.12 shows the mass spectra of 2.5×10-6 M cytochrome c, -lactoglobulin, lysozyme, 

ubiquitin, bradykinin, and angiotensin I in 1 % v/v FA aqueous solution (pH = 2.0) acquired at spray 

currents ranging from 60 nA to 400 nA, corresponding solution flow rates of 2.7 nL/min to 121.4 

nL/min. The solution flow rates and the droplet radius were calculated using Equations 1 and 2. For 

cytochrome c, -lactoglobulin and ubiquitin, the mass spectra show the presence of a bimodal 

distribution of charge state, and the average charge states shifted to a lower value at higher spray 

current. The CSD of Lysozyme is narrower compared to other proteins due to its compact structure 

with four disulfide bridges. The increase of lower charge species for protein was associated with the 

larger initial droplets generated at a higher flow rate, a trend that was typically observed in fine 

capillary nanoESI45,58. For proteins, the ion signals were higher at a lower current of 60~100 nA. For 

peptides, the ion intensities remained relatively constant within the range of measurement. 

Sample in ammonium acetate       

The mass spectra of the same proteins and peptides in 100 mM AA aqueous solution (pH = 

6.7) are shown in Figure 2.13. Here, the sprayed current was varied from 60 nA to 700 nA, 

corresponding to a flow rate range of 0.8 nL/min to 110.3 nL/min. Except for -lactoglobulin, the 

mass spectra acquired at an optimum spray current of 60~100 nA show a narrow CSD. Overall, the 

average charge of the protein decreases as the flow rate increases but the variation is not as large as 

the case of 1% FA solution. Except for cytochrome c, the ion intensity reduced at a higher rate with 

the increase of spray current. Dimers of cytochrome c, lysozyme, and ubiquitin were also observed at 

higher spray currents (Figure 2.14). By comparison, the CSD of peptides was less sensitive to the 

solution flow rate. 
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Figure 2.12. Mass spectra of 2.5×10
-6
 M cytochrome c (a), -lactoglobulin (b), lysozyme (c), ubiquitin (d), 

bradykinin (e), and angiotensin I (f) in 1% formic acid aqueous solution acquired at different spray currents. 

Calculated flow rates and droplet radii are indicated in row (a). 
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Figure 2.13. Mass spectra of 2.5×10

-5
 M cytochrome c (a), -lactoglobulin (b), lysozyme (c), ubiquitin (d), 

bradykinin (e), and angiotensin I (f) in 100 mM ammonium acetate aqueous solution acquired at different 

currents. 
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Figure 2.14. Mass spectra of 2.5×10
-5
 M cytochrome c (a), lysozyme (b), and ubiquitin (c) in 100mM 

ammonium acetate buffer and ubiquitin. 
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Sample in phosphate buffered saline       

PBS is the typically used buffer for biological application, but due to its high concentration 

of nonvolatile salts, it is seldom used directly in ESI-MS. Figure 2.15 shows the mass spectra of 

2.5×10-5 M cytochrome c, -lactoglobulin, lysozyme, ubiquitin, bradykinin, and angiotensin I in PBS 

buffer (pH = 7) aqueous solution at various spray currents. The smallest tested spray current was 60 

nA (corresponds to 0.7 nL/min). The largest spray current here was 500 nA (33.8 nL/min). Except for 

lysozyme, good mass spectra were acquired from the undiluted PBS by operating the ESI at a low 

spray current of 70~100 nA. For lysozyme, the PBS was diluted to 1/5 with pure water. The detected 

dominant ion species for protein and peptides are due to those of sodium adduction, but unlike the 

results obtained from AA, the CSD is not as narrow. The observed series of ion peaks are 22 Da apart, 

which correspond to the form of [M + (𝑧 − 𝑛)H + 𝑛Na]𝑧+. Figure 2.16 shows the case of +2 state 

for angiotensin I. The degree of sodium and NaCl adduction depends on the size of the initial charged 

droplets. A larger droplet produced at a higher spray current increased the adduction of salt which 

reduced the peak height and the quality of the mass spectra. For all samples, the adduction of salt was 

reduced by generating smaller initial charged droplets at lower spray current operation. To a certain 

extent, in-source CID could also be used to remove adducts from the proteins to obtain narrower peaks 

(Figure 2.17). 
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Figure 2.15. Mass spectra of 2.5×10
-5
 M cytochrome c (a), -lactoglobulin (b), lysozyme (c), ubiquitin (d), 

bradykinin (e), and angiotensin I (f) in PBS buffer solution acquired at different spray currents. 
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Figure 2.16. Mass spectra of 2.5×10
-5
 M angiotensin I in PBS buffer aqueous solution acquired at 60 nA. 

 

 

 

 

 

 

 

Figure 2.17. Mass spectra of lysozyme in PBS (1/5 dilution) obtained without (a) and with in-source CID (b) 

at different spray currents. 
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Sample in Tris-HCl buffer (1M)       

Figure 2.18 shows the mass spectra of proteins and peptides, each of 2.5×10-5 M in 1 M Tris-

HCl buffer aqueous solution at various spray currents. The solution of the highest electrical 

conductivity in this study (pH = 7). The lowest spray current at 100 nA corresponds to a flow rate of 

0.4 nL/min. Tris-HCl is a strong buffer widely used for nucleic acids and proteins in many biochemical 

reactions and analyses such as electrophoresis. Here it is demonstrated that clean mass spectra could 

be obtained from the concentrated buffer of 1 M, a concentration that was relatively difficult to handle 

with conventional ESI or nanoESI due to high surface tension, electrical discharge, and plugging 

problems. Cluster ions originating from the Tris-HCl were present in the mass spectra, but the detection 

of proteins and peptides was not seriously affected. For cytochrome c, the CSD was narrower 

compared to that of PBS, but wider than that of AA. The dominant charge state is +9, which slightly 

lower than that of PBS, but higher than AA. For -lactoglobulin, the CSD is narrower than those of 

PBS and AA. For lysozyme, the dominant charge state (+6) is smaller than that of AA (+8). For 

ubiquitin, the dominant charge state (+5) is similar to that of PBS but smaller than that of AA (+6).  

Ion intensity and average charge state 

In most cases, the strongest ion signal was observed at low spray current operation (<10 

nL/min), but not always at the minimum current. Exceptions are for cytochrome c in AA where the 

highest intensity was obtained at around 50~60 nL/min. The ion signal for peptides in FA solution 

remained relatively constant over the tested range of ~1 to 120 nL/min. 

The changes of the average charge state of proteins and peptides with the spray currents for 

various are summarized in Figure 2.19. The dominant charge state and the average charge state were 

primarily determined by the pH and the type of the buffer solution. Buffers of the nearly same neutral 

pH but different salts might not produce the same CSD. For example, the average charge state of the 

protein in PBS is always higher than that in AA and Tris-HCl. For cytochrome c and lactoglobulin in 

PBS, the average charge states were higher than those from AA. For ubiquitin, the charges number for 

the dominant peak of ubiquitin in PBS is lower than that of AA but a series of higher charge state 

species of the ubiquitin was also detected. For acidic solutions, the average charge state is higher at a 
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lower spray current. This was consistent with the capillary-based nanoESI where a higher average 

charge state is typically observed for smaller capillaries45,58. In some cases, the shift of the average 

charge state is due to the multi-modal distribution of the charge state. Williams et al. showed that the 

use of submicron emitter caused the appearance of another higher charge state series in addition to 

those seen in micrometer capillary, and the phenomenon was postulated to be caused by the unfolding 

due to the columbic interaction between the glass surface and the positively charged protein59. 

Multimodal CSD was also observed in the present study but the interaction of proteins with the surface 

could be ruled out because the material of the emitter was non-glass material, and the inner diameter 

was large enough. For the non-denaturing buffers, the variation of average charge with the flow rate 

was relatively small but the trend was not general. 

Finally, the average charge numbers obtained using the non-denaturing buffer solutions are 

compared with the Rayleigh limit. The charged residue model (CRM) is believed to hold for large 

globular macromolecules such as proteins14. As such, the maximum charge transferred to an unfolded 

protein cannot exceed the Rayleigh limit, i.e. the maximum excess charge that can be sustained by the 

surface tension of a liquid sphere, Nevertheless, there is no single consensus value for the density of 

protein droplet at the last stage of evaporation. The protein density was taken as 1.0 g/cm3 by Fernandez 

de la Mora for the hydrated protein60. Electrophoretic mobility measurement of protein aerosol 

suggested a density value of 0.6 g/cm3. 61 Both values were used for the plots of the average charge 

number against the protein diameter in Figure 2.20. All average charges measured in our experiment 

fall below the Rayleigh limit if the protein density was taken as 0.6 g/cm3. 
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Figure 2.18. Mass spectra of 2.5×10

-5
 M cytochrome c (a), -lactoglobulin (b), lysozyme (c), ubiquitin (d), 

bradykinin (e), and angiotensin I (f) in 1M Tris-HCl buffer aqueous solution acquired at different spray currents. 
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Figure 2.19. Average charge state of cytochrome c (a), -lactoglobulin (b), lysozyme (c), ubiquitin (d), 

bradykinin (e), and angiotensin I (f) in 1% formic acid (I), 100mM ammonium acetate (II), PBS (III) and 1M Tris-

HCl (IV) aqueous solution acquired at different spray currents. Open squares indicate a weak ion signal. 
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Figure 2.20. Plot of average charged state versus protein diameter. The protein diameter is calculated using 

a) protein density 𝜌 = 1.0 g/cm
3
, and b) density 𝜌 = 0.6 g/cm

3
. 
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Conclusions 

In the Chapter 2, stable Taylor cones with a half apex angle close to the theoretical Taylor 

angle have been generated for highly conductive aqueous solutions by operating the electrospray at 

spray currents near the minimal levels under a high-pressure condition. The formation of the aqueous 

Taylor cone from a large emitter capillary (i.d. 0.4 mm) that was typically difficult under atmospheric 

pressure was made possible under a super-atmospheric pressure condition. The emitter capillary was 

operated “off-line”, i.e. it was not connected to liquid pumps to maintain a zero-pressure difference 

between its both ends. The physical and ionization characteristics of this electrospray have been 

evaluated by the measurements of spray current, cone geometry, liquid flow rate, and mass 

spectrometry. The scaling law for spray current and flow rate which was previously established using 

a liquid pump-based system was found to be valid for the off-line system down to the nL/min flow 

regime. The flow rate in the present system was solely controlled by the applied potential and the 

choice of electrolytes, and the spray current was a reliable indicator of instantaneous liquid flow rate. 

The solution flow rate was finely tuned over the range of <0.2 nL/min to 120 nL/min using applied 

potential alone without changing the size of the emitter capillary. The spray current was used as the 

real-time indicator for the instantaneous flow rate and initial droplet size. High-resolution flow rate 

scanning and simultaneous acquisition of spray current and MS can also be performed to correlate the 

ionization results with the physical variables such as flow rate and initial droplet size with higher 

precision. From the evidence of solution flow rate and mass spectrometric results, it was verified that 

the ultra-small size of the emitter is not an essential factor to produce the “true nanoelectrospray” 

equivalent ionization. Compared to the capillary-based methods, the present method allows the fine-

tuning of flow rate and initial droplet size without changing the diameter of the emitter tip, which is 

beneficial for the fundamental study of the ionization mechanism. Artifacts originating from the 

surface interaction with the emitter can also be avoided when studying the physical chemistry of 

charged nanodroplets and liquid interface. The same working principle and the scaling law should also 

apply to smaller capillaries as long as the jet diameter is much smaller than the inner diameter. 
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Chapter 3: Novel characteristic of HP nano-ESI: nanoflow rate alters 

the ionization response 

Summary 

The small charged droplet generated from the nanoelectrospray ionization (nanoESI) at 

nL/min flow rate gives its unique feature of high-performance ionization. A continuous scan of the 

flow rate in this regime can trace the effect of droplet size in greater detail for a better understanding 

of the ionization process. To date, such practical implementation is hindered by the lack of a suitable 

liquid pump and the reproducibility of microcapillaries-based systems. Here, an offline nanoESI mass 

spectrometry with a continuously varying flow rate in a dynamic range of several hundred pL/min to 

~100 nL/min was performed by precision scanning of the ESI high voltage (HV). The principle is 

based on the new paradigm of generating nanoelectrospray from a large Taylor cone with a known 

spray current-flow rate relationship. The instantaneous flow rate controlled by the HV modulation can 

be calculated by the simultaneous measurement of the spray current. The system is successfully applied 

to reveal the role of nanoflow rate on the average charge state of proteins, analysis of analyte mixture, 

and desalting effect. With the use of buffer solution with high electrical conductivity, a highly 

controllable oxidative modification was also observed by tuning the flow rate below a threshold at ~5 

nL/min, a finding that has a potential application to on-demand oxygen labeling. 

Introduction 

In an unassisted electrospray, the liquid anchored to the emitter tip is charged to form a liquid 

cone (Taylor cone), and from its apex emits a fine jet that breaks into small charged droplets. A 

sequence of solvent evaporation and coulombic fission (also called Rayleigh fission) leads to the 

formation of last-stage droplets from which analyte gaseous ions are generated. The flow rate of 

electrospray is a key operating parameter that affects the size of the initial charged droplets, which in 

turn has a substantial effect on the detection sensitivity, tolerance to impurities, and quantitative 

performance of ESI.43,44 While the high-flow ESI sources are used to accommodate the working flow 
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rate of LC, a low flow rate operation is known to give higher sensitivity and better sample utilization 

which is crucial for proteomics and native MS that required the ESI of analytes from a salt-rich 

physiological condition. The nanoESI with a flow rate range of 20~300 nL/min can be performed by 

using emitter capillaries with an inner diameter of several tens micrometers.62 The ultra-low flow rate 

of < 20 nL/min usually requires an off-line capillary with i.d. of several micrometers.26,41 There was 

also development on ESI with sub-micrometer capillaries.45,46,63 The mechanism behind some unique 

features of a nanoESI was given by Karas et al,43,44 and there are rich literature reports on the enhanced 

sensitivity for peptides and proteins by lowering the flow rate of nanoESI. But by using a nanospray 

emitter, an opposite result was also observed, i.e. higher flow rate generated higher ion signal intensity 

for relatively small compounds such as amphetamine, caffeine, and cocaine.64 A recent report on the 

surface modification of nanoESI capillary also found that in their case, the improved sensitivity for the 

detection of protein was due to an increase in flow rate for modified capillaries rather than the reduction 

in nonspecific adsorption.65 The rule of thumb that the smaller the flow rate the higher the ion signal 

for nanoESI may not always hold. 

High-speed tuning of the nanoflow rate thus becomes necessary for the determination of 

optimum flow rate and to reveal the complete response of ESI over an appropriate flow rate window. 

As the flow rate reflects the average size of droplets, precision control of its instantaneous value can 

provide an in-depth understanding of the ESI process. For a microflow ESI, flow rate tuning from 0.1 

L/min to several tens L/min can be performed using a programmable syringe pump. High flow rate 

scanning (40 ~ 800 L/min) using a Peristaltic pump had also been reported,66 but the large initial 

droplet with a wide distribution of size required pneumatic assistance, and the heated gas for 

desolvation. Flow rate regulation for online nanoESI was possible with a precision liquid pump,67,68 

but the response time for each adjustment was in the order of minutes and the applied potential might 

need to the readjusted. As for the offline microcapillary-based nanoESI, the dynamic range for a stable 

operation is quite narrow, and the flow rate is sensitive to the tip dimensions. The adjustment of the 

flow rate usually requires a change of capillaries of varying sizes. As such, a two-flow rate mode 

operation was previously possible using a hybrid emitter in which a finer emitter was incorporated into 

another nanoESI capillary for a rough step-wise flow rate switching.69 Reproducibility due to the 

defects, the damage of the fragile orifices, and the clogging are also issues associated with the fine 
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nanoESI capillaries. 

Previously we reported a new paradigm of generating nanoESI from large-bore capillaries 

with a well-controlled flow rate that is insensitive to the inner diameter of the capillary.32,33 The concept 

is based on the well-established spray current-flow rate relationship for steady cone-jet mode under an 

electrical-discharge-free condition. The new ion source employed a high-pressure ESI technique which 

was developed previously in our laboratory to handle pure water,23 superheated solutions for high-

throughput proteomics,53 and the direct hyphenation with high-temperature liquid chromatography.54,55 

Common micropipette tips could be conveniently employed as the emitter for the direct detection of 

proteins from the high-salt buffers without clogging and with minimal interaction with the capillary 

surface.32 Based on this new technique, we report the implementation of a scanning voltage nanoESI 

with a continuously varying flow rate to reveal the ionization response to flow rate in the nL/min flow 

regime. 

In this part, a disposable micropipette tip with a tip opening of 0.4 mm was used to perform 

nanoESI under a super-atmospheric condition (Figure 3.1a). Controlled by a master computer that 

synchronizes the electrospray operation and the MS acquisition, the nanoflow rate was scanned solely 

by ramping down the high voltage (Figure 3.1b). The spray current 𝐼 was measured simultaneously 

to give the value of the instantaneous flow rate 𝑄. In the absence of discharge, the flow rate from a 

steady liquid cone (Taylor cone, inset in Figure 3.1a) is given by the well-known scaling law as24 

 

𝐼 = 𝑓 (
𝛾𝐾𝑄

𝜖𝑟
)

1/2

 

(1) 

, where 𝜖𝑟  is relativity permittivity, 𝛾  is surface tension, 𝐾  is the electrical conductivity of the 

liquid, and 𝑓 = 18 for aqueous solutions. The validity of the scaling law in the nanoflow regime was 

verified in our previous publications (see combined dataset in Figure 2.9).32,33 The radius of the initial 

droplet 𝑅𝑜 is related to the flow rate by24 

 
𝑅𝑜~ (

𝜖𝑜𝜖𝑟𝑄

𝐾
)

1/3

 
(2) 

It is noted that Eq 1 and Eq 2 assume a much smaller jet diameter relative to the nozzle diameter, thus 

it may not apply to the fine capillary-based nanoESI.  
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Experimental section 

Ion source and instrument 

Figure 3.1 shows the schematic of the high-pressure ion source and the block diagram for 

the control of flow rate. Polypropylene micropipette tips with a tip opening inner diameter of 0.4 mm 

(Eppendorf, Hamburg, Germany) were used as the electrospray emitters. A platinum wire (dia: 0.2 mm) 

was inserted into the pipette tip to make electrical contact with the loaded liquid. The ion source 

consisted of an aluminum chamber and an insulating flange made of polyetheretherketone (PEEK). 

The ion source was pressurized with dry air (humidity < 10%) from an air compressor at room 

temperature to a gauge pressure of 5 bar. MS measurements were performed using a benchtop Orbitrap 

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The ion source was coupled directly 

to the mass spectrometer using a custom-made ion transmission tube with 0.25 mm i.d. to match the 

acceptable gas throughput of the vacuum pump. When the ion source was pressurized, the pressure in 

the fore vacuum was ~1 mbar, approximately the same as the original reading of the mass spectrometer 

under standard working conditions. 

Sample preparation 

The ramping of high voltage and the simultaneous acquisition of spray current and mass 

spectra were controlled by a PC via a custom program written in C#. The spray current was measured 

by sensing the voltage drop across a 1 M resistor. The signal for the spray current and HV were read 

and recorded by multimeters controlled by the PC. The potential applied to the liquid was ramped up 

and down by sending the control signal from the PC via the programmable DC supply to the HV 

module (Bellnix, Saitama, Japan). The ramping down of HV was performed at 1V/step. The precision 

of the flow rate control was in the order of 0.05 nL/min per step. The default value for HV ramping 

speed was approximately 3 V/s. The conventional nanoESI-MS was performed using capillaries with 

a tip i.d. of 1 m (New Objective, Littleton, MA ) under atmospheric pressure with the standard ion 

inlet tube (0.55 mm i.d.). 
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Figure 3.1. a) Schematic of the high-pressure nanoESI ion source and the block diagram for flow rate 

tuning. A micropipette tip is used as the emitter. A master PC sends the control signal to the HV supply, 

reads HV and spray current signal, and triggers the acquisition of MS. b) Scanning of ESI HV. The HV is 

rapidly ramped up to initiate the Taylor cone and gradually ramped down until the collapse of the Taylor 

cone. The heatmap showing the normalized intensity is constructed from the mass spectra taken at different 

spray currents and flow rates. The sample is ubiquitin in 100 mM ammonium bicarbonate. 
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Figure 3.2. Detection of ubiquitin in 100 mM ammonium bicarbonate. a) Average charge state and the ion 

intensities of selected charge states versus flow rate acquired at 200 C ion inlet temperature. b) 

Corresponding mass spectra at flow rates indicated by (i)-(iii). c) Average charge states versus ion inlet 

temperature obtained at different flow rates. 
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Results and Discussion 

Ammonium bicarbonate 

The present method was first applied to evaluate the flow rate dependence on the charge 

state distribution (CSD) of proteins in ammonium bicarbonate (AB) and ammonium acetate (AA). 

Despite being a stronger pH stabilizer than the ESI-friendly AA, AB was known to produce highly 

charged protein, a phenomenon coined as “electrothermal supercharging” by Williams et al as the 

degree of unfolding was found to increase with the interface temperature and applied HV.70 The 

measurement results of ubiquitin in 100 mM AB are shown in Figures 3.1b and 3.2. The mass spectra 

taken at different flow rates and the recorded spray current were used to construct the heatmap as 

shown in Figure 3.1b. The trace of the selected ion signal, the average charge state (Figure 3.2a), and 

the selected mass spectra (Figure 3.2b) clearly show a higher charge state at a larger flow rate when 

operated under a standard operation at 200 C ion inlet temperature. A reduced denaturation effect was 

observed when the flow rate was decreased to ~3 nL/min (ii in Figure 3.2a). An explanation for such 

observation is that the droplet generated at a lower flow rate is smaller and dissolve faster before they 

entered the heated inlet tube. In another word, the “denaturation” only became efficient by heating the 

large AB-containing droplet. The effect of heating on the change of charge state was further evaluated 

by operating the nanoESI at two flow rates at different inlet tube temperatures (see average charge 

state in Figure 3.2 and mass spectra in Figure 3.3). Figure 3.4 shows the reduced unfolding effect 

observed at a much lower inlet temperature of 35 C, supporting the hypothesis that the shift of CSD 

was due to the heating of the AB droplet. A similar result was also obtained using cytochrome c (Figure 

3.5).  
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Figure 3.3. Mass spectra of ubiquitin in 100 mM ammonium bicarbonate acquired at different temperatures 

(35 C ~ 120 C) and different spray currents and flow rates. Left column: 125 nA, 3.6 nL/min. Right column: 

650 nA, 98.4 nL/min. # denotes the background peak. 
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Figure 3.4. The charge state and ion signal response of ubiquitin in 100 mM ammonium bicarbonate to the 

flow rate acquired at 35 C ion inlet temperature. 
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Figure 3.5. The flow rate response for the detection of cytochrome c in 100 mM ammonium bicarbonate. 

a) Average charge state (ACS) and the ion intensities for selected charge states versus spray current and flow 

rate acquired at 200 C ion inlet temperature. (i)-(iii) show the respective mass spectra taken at different flow 

rates. At the high inlet temperature, the ACS shows an uptrend for flow rate greater than ~30 nL/min, 

generating highly charged species due to the heating of AB-containing droplets. 

b) Same measurement for ion inlet temperature of 35 C. Unlike ubiquitin, the highly charged species still 

appear in the mass spectra. The ACS is relatively constant with the change in flow rate. 

(i)-(iii) show the mass spectra acquired at different flow rates. 
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At a high flow rate of ~98 nL/min, a drastic increase of charge states (i.e. folding condition) 

took place at 100~120 C. As expected, the heating effect was less pronounced when operated at a low 

flow rate operation of 3.6 nL/min. This observation was consistent with another report that found a 

reduced unfolding effect when using a submicron nanoESI capillary.71 However, here, the key 

parameter was not the i.d. but the flow rate of the nanospray. Our result suggested that the role of 

applied voltage in the “electrothermal supercharging” with AB solution was on the instantaneous flow 

rate and the size of the initial charged droplet. Unlike AB, the evaluation of ubiquitin and cytochrome 

c in ammonium acetate solution shows a much smaller dependency on flow rate at 200 C ion inlet 

tube temperature (Figure 3.6).  

The bicarbonate anion was thought to have a destabilizing effect that enhanced the 

denaturation induced by the rapid heating.70 Recently, the bubble formation in AB solution when 

heated was also proposed as a possible cause for the protein unfolding.72 Further work will be 

performed to evaluate these two hypotheses. Although the reduced denaturation at a low flow rate was 

expected, a fine scan of the flow rate also revealed a sudden jump in ion signal (for +7 and +8 in Figure 

3.5 and +5 in Figure 3.4) and the average charge state at the extremely low flow rate before the collapse 

of the Taylor cone. The phenomenon was not fully understood yet, but it was reproducibly observed 

by finely reducing the flow rate. In that flow rate range, the Taylor cone was the sharpest, i.e. the 

electrical field and the spray current density at its tip were the greatest. A local heating effect might be 

triggered at the tip of the Taylor cone which increases the average charge state and the ion intensity. 
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Figure 3.6. The detection of ubiquitin (a) and cytochrome c (b) in 100 mM ammonium acetate. Graphs show 

the changes in average charge states (ACS) and the ion intensities for selected charge states with the flow 

rate. (i) – (iii) show the respective mass spectra taken at the different flow rates. 

  



53 

 

Analyte mixture 

Ion suppression affects the quantitative performance of ESI for analyte mixture, and one of 

the causes is the partition of analytes based on their relative surface activities.
73
 For example, in Figure 

3.7, the preferential ionization of the relatively surface-active peptide (gramicidin S) suppressed the 

detection of other hydrophilic peptides (bradykinin and angiotensin I) in the mixture during the high-

flow operation in the pulsation mode. The ion suppression was nearly absent when the nanoflow was 

established in the cone-jet mode, but their ion intensity signals still exhibit a flow rate dependency.  

For example, in Figure 3.7, the preferential ionization of the relatively surface-active peptide 

(gramicidin S) suppressed the detection of other hydrophilic peptides (bradykinin and angiotensin I) 

in the mixture during the high-flow operation in the pulsation mode. The ion suppression was nearly 

absent when the nanoflow was established in the cone-jet mode, but their ion intensity signals still 

exhibit a flow rate dependency.  

 

 

 

Figure 3.7. The ESI-MS for an equimolar mixture of bradykinin (BK), Angiotensin I (AG), and Gramicidin S 

(GS), each of 5 M in 100 mM ammonium acetate acquired at a high-flow rate operation in the pulsation 

mode of the electrospray. The flow rate here is greater than 200 nL/min. The preferential ionization of the 

relatively surface-active cyclic peptide (gramicidin S) suppresses the detection of BK and AG. A similar ion 

suppression result was also obtained using standard micro-flow electrospray. 
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Figure 3.8a shows that the highest ion intensity for each analyte did not coincide at the same 

flow rate. A continuous flow rate scan located a flow rate at ~7 nL/min that yields approximately equal 

ion intensities for all analytes in the quantitative analysis of the equimolar peptide mixture. The 

measurement of cytochrome c, ubiquitin, and bradykinin mixture in Figure 3.8b also shows that each 

analyte exhibited its own ion signal responses and the maxima were located at different nanoflow rates. 

Nevertheless, the ionization efficiency, if defined as ion signal divided by flow rate was still the highest 

at the lowest possible flow rate (Figure 3.9). It is also intriguing to note that the trends for each analyte 

in the mixture closely resembled the trend when the analytes were measured individually (compare the 

cytochrome c, ubiquitin, and bradykinin in the equimolar mixture shown in Figure 3.8b with their 

individual measurement in Figure 3.9). The finding points to the possibility of using nanoflow rate as 

an axis for the multidimensional analysis of analyte mixture.  

Here, the arbitrary flow rate of the same emitter could be tuned instantly within ~0.5~100 

nL/min window. One full scan of flow rate from 0~100 nL/min usually took less than one minute to 

complete, consuming less than 50 nL per scan. Thus, a quick flow rate scan before the routine 

measurement was feasible even for samples with limited volume. As for the micropipette tip used in 

this study, the typical loading volume was 1~3 L, but by adjusting the position of the Pt electrode, 

the nanoESI could be performed with sample amounts down to 200 nL. For even smaller volumes or 

pro-long measurements, narrower tips such as those of 20~100 m i.d. could be used to prevent solvent 

evaporation. The same working principle and the scaling law for spray current should apply to those 

capillaries as long as the electrospray’s jet diameter is much smaller than the inner diameter. 
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Figure 3.8. Detection of analyte mixtures. a) Ion signals versus flow rate for an equimolar mixture of bradykinin 

(BK), angiotensin I (AG), and gramicidin S (GS), each of 5 M in 100 mM ammonium acetate aqueous solution. 

(i)-(iii) are the mass spectra acquired at different flow rates. A flow rate at ~7 nL/min (ii) produces 

approximately the same ion intensity for all peptides. b) Ion signals versus flow rate for the equimolar mixture 

of proteins and a peptide in 100 mM AA, each of 5 M. CC: cytochrome c, UQ: ubiquitin, BK: bradykinin. (i)-

(iii) are the mass spectra acquired at different flow rates. The peak height in (ii) & (iii) are magnified 3 and 6 

for comparison with (i). 
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Figure 3.9. Total ion count (TIC, blue line) originated from the analytes for three separate measurements for 

cytochrome c (a), ubiquitin (b), and bradykinin (c) in 100 mM ammonium acetate under different flow rates. 

Red line shows the normalized value for TIC/Q. Q: flow rate. 
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Nonvolatile salts 

The presence of nonvolatile salts in the electrospray solution causes the adduction of salt-

related ions or neutral to the analyte which results in the spreading of ion peak and reduction in peak 

height. Such an effect was more pronounced in the microflow regime due to large initial droplets. Even 

in the nanoflow regime, the degree of peak spreading was also found to be flow rate dependent. Figure 

3.10 shows the effect of adding 1 mM NaCl to the 100 mM ammonium acetate solution for the 

detection of cytochrome c.  

As a comparison of droplet size, at the low flow rate of 2 nL/min at 100 nA, the radius 

calculated using Eq 2 is 30 nm. At the high flow rate of 35 nL/min at 400 nA, it is 76 nm. The peak 

spreading for the charge state +7 was due to the incorporation of Na and NaCl which increased with 

the flow rate, hence the size of the initial droplet. Interestingly, the addition of NaCl also caused the 

appearance of higher charge state species (e.g. +11) which were relatively free of salt adducts. Some 

degree of denaturation should have taken place during the ionization process. For the lower charge 

state species, they were generally thought to be formed via the charge residue model. In a recently 

proposed chain ejection model, proteins were found to snake out from the droplet in the simulation.74 

That may provide an ionization route to the highly charged species from the pH-neutral droplet. Further 

work is still needed for verification. 

A low flow rate operation was found to be crucial for the detection of proteins directly from 

the biological buffer such as undiluted phosphate-buffered saline (PBS). PBS contains a high 

concentration of nonvolatile salt (136.9 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, and 1.5 mM 

KH2PO4), and is known to be an unfriendly buffer even to nanoESI. The scanning of HV and spray 

current in Figure 3.11 shows an optimum flow rate at ~1 nL/min for the detection of ubiquitin from 

PBS. A comparison using a commercial nanoESI capillary with an inner diameter of 1 m under 

atmospheric pressure is shown in Figure 3.12.  
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Figure 3.10. Effect of flow rate for the detection of cytochrome c in 100 mM ammonium acetate containing 

1 mM NaCl. Heatmaps indicate the normalized intensities acquired at each spray current (or flow rate) for 

two mass ranges (horizontal axis, left: m/z 1105-1165, right: m/z 1740-1830). (i)&(ii) are the mass spectra 

taken at 35 and 2 nL/min. The asterisks depict the protonated peaks for charge states +11 and +7. 
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Figure 3.11. The detection of ubiquitin from undiluted Phosphate buffered saline (PBS). Graphs show the 

changes in the average charge state and the ion intensities of the selected charge with flow rate. 

The mass spectra taken at different flow rates are depicted by (i)-(iii). A clean mass spectrum is acquired at 

an optimum flow rate of ~1 nL/min. The composition of PBS is 136.9 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM 

KCl and 1.5 mM KH2PO4. 
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Figure 3.12. Detection of 110−
5
 M ubiquitin from undiluted phosphate-buffered saline (PBS). a) Mass 

spectrum obtained by the present high-pressure nanoESI from micropipette tip at flow rate 1.2 nL/min 

b) Mass spectrum obtained by a commercial capillary nanoESI (tip i.d.; 1 m) under atmospheric pressure. 
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Ion signals from NaCl cluster [(NaCl)n+Na]+ with a magic number n = 13 were present in the 

mass spectra acquired by the commercial nanoESI and the present method. However, the detection of 

protein ions was difficult from the commercial nanoESI. Possible causes may be the difficulty to 

sustain a stable cone-jet mode under atmospheric pressure and the adsorption of the analyte on the 

inner surface of the glass capillary. The measurement of ubiquitin in 1 M Tris-HCl (Figure 3.13) also 

shows an optimum point at ~1 nL/min.  

The large i.d. of the emitter used in this study enabled the direct ionization of the “dirty 

sample” without the clogging problem. Figure 3.14 shows the direct measurement of bradykinin in the 

undiluted human urine. The electrical conductivity of the urine was ~1.3 S/m. The optimum flow rate 

for bradykinin was in the range of 4~6 nL/min. The intensity of creatinine, (one of the major contents 

in urine) at that point was lower as compared to the higher flow rate region but was not at the minimum. 

The plot of bradykinin intensity acquired at 6 nL/min versus its concentration shows good linearity for 

a concentration range of 510−8 to 510−5 M without the use of internal standards. When the bradykinin 

was dissolved in the clean aqueous solution containing only ammonium acetate or acetic acid, the 

sensitivity of detection was approximately 10 times higher.  

As a comparison, Figure 3.15 shows the selected mass spectrum for 510−5 M acquired using 

a commercial nanoESI (tip i.d. 1 m). It is noted that the clogging took place during several 

unsuccessful trials with the fine capillary nanoESI but was complete absence with the micropipette tip 

emitter. The bradykinin was detected from the raw urine samples using both methods but the intensity 

ratio of peptide to creatine was higher for the present method. The overall ion intensity for the 

commercial nanoESI was higher as it was taken using the standard ion inlet tube of 0.55 mm i.d., 

whereas for high-pressure nanoESI in this study, a custom inlet tube of 0.25 mm i.d was used and a 

higher ion transmission loss was anticipated. Future improvement in the ion transmission was possible 

by using a funnel-type interface,55 or by increasing the gas throughput of the MS instrument with an 

external booster pump.75 
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Figure 3.13. The detection of ubiquitin from 1 M Tris-HCl buffer. Graphs show the changes in the average 

charge state and the ion intensities of the selected charge with flow rate. (i)-(iii) are the mass spectra taken 

at different flow rates. 
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Figure 3.14. Detection of bradykinin of varying concentrations from the undiluted human urine (electrical 

conductivity ~ 1.3 S/m). The upper inset shows the change of ion signal of bradykinin (sum of all species of 

charge state 2+) and the protonated creatinine with the flow rate. 
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Figure 3.15. Detection of bradykinin (510−
5
 M) in undiluted human urine using a) present high-pressure 

nanoESI at 5 nL/min, and b) commercial capillary nanoESI (tip i.d.; 1 m). Insets show the magnified mass 

spectra. The overall ion intensity for commercial nanoESI was higher as it was taken using the standard ion 

inlet tube of 0.55 mm i.d. whereas, for high-pressure nanoESI in this study, a custom-made ion inlet tube of 

0.25 mm i.d. is used. 
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Controlled Oxidation 

Protein oxidation can be induced by an electrochemical reaction and the corona discharge 

that is initiated when operating ESI at elevated voltage.76,77 By using a visible corona discharge and 

oxygen as the reactive gas, radical-induced oxidative modification of proteins has also been exploited 

for protein structural analysis.78 Controlled oxidation using UV lasers to produce hydroxyl radicals 

from the solution containing protein and hydrogen peroxide also existed.79,80 Here, we found that by 

using a highly conductive solution such as 1 M ammonium formate ( 𝐾  = 8.7 S/m), oxidative 

modification of the analyte could be selectively initiated at a low flow rate of < 5 nL/min. The degree 

of oxygen incorporation was adjustable by controlling the nanoflow rate (see Figures 3.16a for 

cytochrome c and Figures 3.17 for ubiquitin). Another measurement in Figure 3.16b shows the 

controlled oxidation of phosphatidylcholine (PC 18:1/18:1).  

Two major oxidative species were detected, and the in-source CID revealed that oxygen was 

incorporated into the location of the carbon-carbon double bonds (Figure 3.18). This result was similar 

to an earlier report by Yan et al. on the epoxidation of PC by ESI using a high concentration of 

hydrochloric acid in acetonitrile solutions.81 In their case, the H+ and Cl− ions were found to be crucial 

for the in-situ formation of the reactive hypochlorite anion. In our case, the low flow rate and the high 

electrical conductivity appeared to be the key factors. Besides ammonium formate, the same 

phenomenon was also observed using ammonium acetate solution. 
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Figure 3.16 a) Flow rate-dependent oxidative modification of cytochrome c in 1 M ammonium formate 

solution (AF). Heatmaps show the normalized intensities at each flow rate for two mass ranges (horizontal 

axis, left: m/z 1015-1040, right: m/z 1740-1775). Asterisks depict the protonated peak without oxidation. 

The number of incorporated oxygen atoms is labeled as nO. b) The ion intensities of the oxidatively 

modified ions and the unmodified ion versus flow rate for 1 M L-phosphatidylcholine, dioleoyl (PC 

18:1/18:1) in AF. (i)-(iii) show the mass spectra acquired at the respective flow rates. 
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Figure 3.17. Flow rate dependent oxidative modification of ubiquitin in 1M ammonium formate. The 

heatmap shows the normalized intensities at each flow rate for the mass ranges (m/z 946-950 and m/z 

1710-1740). Asterisks depict the protonated peak without oxidation. The number of incorporated oxygen 

atoms is labeled as nO. 
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Figure 3.18. a) Controlled oxidative modification and the in-source CID of L-phosphatidylcholine, dioleoyl 

(PC 18:1/18:1). b) Mass spectrum of PC without oxidative modification (spray current: 900 nA). c) Mass 

spectrum of PC with oxidative modification (spray current: 200 nA). 
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The ion signal of the oxidation species responds instantaneously to the change in flow rate, 

i.e. the oxidation could be turned on and off in less than a second when the flow rate was switched 

from ~1 nL/min to ~10 nL/min. The electrode in this measurement was placed approximately 5 mm 

away from the emitter tip. The instant response of the oxidation ruled out the cause by the 

electrochemical reaction at the electrode/liquid interface because, at an nL/min flow rate, it would take 

several tens minutes to transport the oxidation products to the Taylor cone when turning ON and to 

deplete them when turned OFF. As for the possibility of corona discharge, we had not detected any 

glow and anomalies in the spray current associated with the partial breakdown of the operating gas. 

Changing the operating gas from air to SF6 (a stronger insulating gas to prevent electrical discharge) 

and to pure nitrogen also showed the same oxidation effect (Figure 3.19).  

It is also noted that the oxidation species were at their highest abundance at the lowest HV, 

thus, the commonly encountered corona discharge in the atmospheric pressure ESI was unlikely to be 

the cause. Nevertheless, electrical field-induced processes such as those in the early stage of plasma 

formation cannot be ruled out. At the lowest flow rate, the Taylor cone approached its ideal theoretical 

shape (Figure 3.20), and the electrical field at its apex was the highest. In the study of ion evaporation 

kinetics of Taylor cone, Gamero-Castaño and Fernández de la Mora used 

 
𝐸 = 𝛾1/2𝐾1/6/(𝜀𝑜

2/3
𝑄1/6) 

(4) 

to estimate the largest electrical field on the Taylor cone.40 Applying their equation to our experimental 

condition gives 𝐸 ≈  1.4 V/nm, a field that was large enough to induce ion evaporation. We 

hypothesized that the analytes at the sharpest end of the Taylor cone were subject to oxidation by the 

reactive oxygen species formed in the presence of strong electrical fields. One candidate for the 

reactive species was hydroxy radicals, a highly reactive oxidant that is known to exist in the 

atmospheric pressure plasma.82 Identifying the reactive species and their formation mechanism is 

worth further investigation. In sum, the controlled oxidation phenomenon can be exploited for the on-

demand oxidative labeling for analyte characterization. Since the aqueous buffer solution used here 

was compatible with the native ESI-MS, the oxidative labeling can be performed in line with the native 

protein analysis from the same emitter without the use of oxidative reagents such as H2O2 and UV 

activation. 

  



70 

 

 

 

Figure 3.19. The magnified mass spectra for the charge state +7 of cytochrome c in 1 M ammonium 

formate solution acquired using different operating gases for the high-pressure nanoESI source. 

Upper row: Acquired at a high solution flow rate of ~20 nL/min. 

Lower row: Acquired at a low solution flow rate of ~1 nL/min 
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Figure 3.20. Photograph of the Taylor cone formed at the opening of the micropipette tip. The inner 

diameter of the micropipette tip is 0.4 mm. The graphs show simultaneous measurements of high voltage 

applied to the liquid (V), spray current (I) and the flow rate (Q) calculated using the scaling law. The image 

here depicts the condition near the minimum flow rate and the apex angle is close to the theoretical value 

of 98.6 for a static Taylor cone. The solution is 100 mM ammonium bicarbonate in water. 
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Implication for the ion response models 

Here we discuss the ionization response with reference to the models developed by Tang & 

Kerbarle,83 

 

and the Enke model.84 For a two-electrolyte system consisting of analyte A and electrolyte B with 

concentrations 𝐶A and 𝐶B, the analyte current 𝑖A in the Tang & Kerbarle’s model is given as83 

 
𝑖A ∝

𝑘A𝐶A

(𝑘A𝐶A + 𝑘B𝐶B)
𝑖𝑠 

(5) 

, where 𝑘A and 𝑘B are the respective ion evaporation coefficients (also called sensitivity coefficients 

in later literature) and 𝑖𝑠  is the spray current. Enke’s model shares a similar form but it uses the 

equilibrium constants 𝐾A and 𝐾B, for the ion’s preference for the surface or the interior phases. Only 

ions in the surface phase are eventually released into the gas phase and the ion signal 𝑠𝐴 is assumed 

to be proportional to the “concentration of excess charge” [𝑞] as84 

 
𝑠A ∝

𝐾A𝐶A

(𝐾A𝐶A + 𝐾B𝐶B)
[𝑞] 

(6) 

The [𝑞]  is proportional to the spray current divided by flow rate, i.e. [𝑞] ∝ 𝑖𝑠/𝑄 . Both models 

correctly described the dependence of the analyte ion signal on its concentration and the ion 

suppression effects when there is a presence of surface-active compounds in the solution. But as the 

size of the initial droplet gets much smaller than 1 m, which is the condition of nanoESI with flow 

rate <100 nL/min, the equilibrium partitioning based on surface activity may become less relevant. 

This can be seen from the reversal of ionization preference for the surface-active gramicidin S from 

microflow (Figure 3.7) to nanoflow (Figure 3.8a). The relatively hydrophilic peptides were detected 

with higher ion intensity, indicating that the source of selectivity had shifted from the surface activity 

to other parameters. 

As for the relationship with flow rate, if we include the scaling law 𝑖𝑠 ∝ √𝑄 to Eq 5 and Eq 

6, Tang & Kerbarle’s model yields an ion response of 𝑠𝐴 ∝ √𝑄, i.e. ion signal increase with the flow 

rate. For Enke model, it is 𝑠𝐴 ∝ √1/𝑄, which appears to agree with the nanoESI situation where the 

ion signal increase with a reduction in flow rate. However, the result of this study showed that the ion 

response is not as straightforward. For example, the ubiquitin and bradykinin in ammonium acetate 
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solution (Figure 3.8b) exhibit opposite trends with the flow rate within the range of 3 to 120 nL/min, 

while cytochrome c attained a maximum point at 50 nL/min. Overall, the presence of stationary points 

(local maximum and/or minimum) suggest that a general description perhaps should consist of multiple 

terms of flow rates of different orders. Finally, the ion transmission and desolvation factors in their 

models may also be a function of flow rate because the size of the initial droplets should have a 

substantial influence on the desolvation efficiency and the transmission of ions to the MS vacuum. 

Conclusions 

In summary, an offline electrospray with a continuously varying flow rate in the nL/min 

regime had been developed to provide a more quantitative assessment of the nanoflow rate effect on 

the ionization response. The working principle based on the scaling law of spray current and flow rate 

is straightforward, and the technical requisites for scaling law to be valid: a large dimension ratio of 

emitter opening to the jet, operation in the cone-jet mode, and the absence of electrical discharge were 

met by operating the ion source in high-pressure. The dependence on flow rate for ion intensity, charge 

state distribution, peak spreading and oxidative modification shows that there is no universal optimum 

flow rate for all analytical purposes. A high throughput flow rate tuning within a flow rate window of 

several hundred pL/min to ~100 nL/min can thus be used to provide a full ionization response for the 

handling of analyte mixture, automatic searching for the flow rate best suited for each application, on-

demand switching of flow regime, and the direct detection of protein from the high-salt buffer for 

native spectrometry. The present method also provides a platform to study electrospray-related 

phenomena taking place under a high electrical field at an extremely small flow rate. 
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Chapter 4: Novel application of HP nano-ESI: oxidative modification by 

strong electrical field 

Summary 

Oxidative modification is usually used in mass spectrometry (MS) for labeling and structural 

analysis. In Chapter 4, we report a highly tunable oxidation that can be performed in line with the 

nanoESI-MS analysis at the same ESI emitter without the use of oxidative reagents such as ozone, 

H2O2, and UV activation. The method is based on the high-pressure nanoESI of a highly conductive 

(conductivity >3.8 S/m) aqueous solution near the minimum flow rate. The ion source is operated 

under super-atmospheric pressure (0.5 MPa gauge pressure) to avoid the contribution of electrical 

discharge. The analyte at the tip of the Taylor cone or in the emitter droplet can be locally oxidized in 

an on-demand manner by varying the nanoflow rate. With an offline nanoESI, the degree of oxidation, 

i.e. the average number of the incorporated oxygen atoms can be finely tuned by voltage modulation 

using spray current as the feedback signal. Oxidations of easily oxidized residues present in 

peptides/proteins and the double bonds of the unsaturated phosphatidylcholine occur at low flow rate 

operation (<5 nL/min) when the electrical field at the tip of the Taylor cone and the initially produced 

charged droplet reaches approximately 1.3 V/nm. The oxidized ion signal responds instantaneously to 

changes in flow rate, indicating that the oxidation is highly localized. Using isotope labeling, it was 

found that the incorporated oxygen primarily originates from the gas phase, suggesting a direct 

oxidation pathway for the analyte-enriched liquid surface by the reactive oxygen atoms formed by the 

strong electrical field. 

Introduction 

In ESI, the analyte-containing solution is dispersed electrically to produce charged 

micro/nanodroplets. The excess charges on the charged droplet are ultimately transferred to the solute, 

generating gaseous ions for mass spectrometry. Depending on the experimental condition, ions owing 

to the incorporation of the oxygen atom (such as [M+nH + mO]n+) can appear along with their 
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protonated ion species77. Such oxidative modification to the analytes can be caused by i) 

electrochemical reactions involved in the electrospraying process, and ii) electrical discharge (such as 

corona discharge) when the HV applied to the emitter is raised to a much higher than normal value76,85. 

For a sustained electrospray, the continuous flow of spray current involves electrochemical 

reactions (ECR) at the liquid/electrode interface. Electrospray is thus regarded by some as a “special 

kind of electrolytic cell,”17 The adverse effects of ECR include the corrosion of electrode, the change 

of pH, and oxidation of analyte that result in artifacts to the mass spectra86–88. The inert platinum 

electrodes are usually a preferred choice to avoid corrosion, and there are also ways to reduce the 

ECR effects by operating the ESI at a higher flow rate and the separation of ECR products from the 

ionization. The supposed “downside” of ESI oxidation had also been utilized for special-purpose 

analyses76,81,89–92. For example, Cheng et al. use a Pd electrode to release the Pd cation to catalyze 

the Suzuki coupling reaction at room temperature during mass spectrometry analysis89. Tang et al. 

identified the position of lipid C=C isomers and sn-isomers by combining two voltage-dependent 

electrochemical reactions, interfacial electro-epoxidation, and cobalt anodic corrosion in a single 

nano-ESI81,92. Double bonds are widely present in biomolecules, and it is a significant contributor to 

the spatial conformation of biomolecules. The efficient identification of the position and the number 

of double bonds in biomolecules is important in biochemistry as it helps reflect the misexpression of 

cells and other related information of metabolic diseases. 

Electrical discharge (e.g. corona discharge) takes place when the potential at the ESI emitter 

or on the conductive liquid surface exceeds the threshold voltage for gaseous breakdown. The reactive 

oxygen species (ROS) generated by the discharge is known to cause the oxidation of analyte generated 

from ESI. Because the discharge could disrupt the stability of the electrospray and generate unwanted 

background ions, it usually needs to be avoided. A method like high-pressure ESI has been developed 

to prevent the discharge during the electrospraying of pure aqueous solution23. Nevertheless, the 

discharge has been generated alongside electrospray (with a higher HV) for the selective oxidation of 

the peptide, tagging the oxygen atom to the easily oxidized residue such as Met, Trp, and Tyr of peptide 

or protein77. The oxidation effect was further enhanced by using oxygen as the nebulizing gas for ESI 

to increase the abundance of ROS in the plasma78. The oxidation is also found to attack the C=C bond 

preferably, forming signature fragments when the oxidatively modified ion is subject to dissociative 



76 

 

activation. This enables the determination of double bond position for structural analysis of 

compounds91. Selective epoxidation with discharge in combination with ESI tandem mass 

spectrometry has also been performed using AC paper spray with co-induced mild discharge90, field-

induced droplet ionization (FIDI) technique with the dielectrical barrier discharge (DBD)93, co-

spraying the sample with radical water ions generated from corona-discharge94, and nanoESI with 

sample pretreatment with low-temperature plasma (LTP) torch95. Recently, it is reported by Zare et al. 

that oxidation can take place even in the uncharged microdroplets, leading to the spontaneous 

generation of H2O2 from neutral spray96, and condensation of water on a cooled substrate97. Although 

there is a possibility that air-borne ozone might contribute to H2O2 formation98,99, Zare et al. managed 

to reproduce the results in the absence of ozone100. Simultaneous and spontaneous oxidation and 

reduction of phosphonates are also reported in microdroplets, and the active reagent is thought to be 

the free water radical cation and anion (H2O
+• & H2O

-•)101,102. It is speculated that the high electrical 

fields at the air-water interface, which can reach as high as 1 V/nm on the surface of the neutral 

microdroplet, are responsible for that unusual chemical transformations103. This part reports the 

oxidative modification of peptide, protein, and lipid with unsaturated hydrocarbon chains that takes 

place when operating an offline high-pressure nanoESI of highly conductive aqueous solutions. This 

method is based on the precise nanoflow rate control of nanoESI using voltage modulation104. The 

nanoESI is performed using a micropipette tip with an inner diameter of 0.4 mm but the solution flow 

rate is sustained in the order of nL/min on par with those using fine glass-pulled capillary33. The high 

stability of the aqueous Taylor cone under a discharge-free condition is maintained by operating the 

ion source under a super-atmospheric pressure. The abundance of the oxygen-incorporated ion species 

can be tuned by the applied voltage. But in contrast to the case where apparent discharge is co-

generated with ESI, the most prominent oxidation takes place when the applied voltage is reduced to 

a value near its lowest, i.e., the spray current, solution flow rate, and the size of the precursor droplet 

are near their lowest value. Similarly, the formed Taylor cone is at its sharpest with the highest 

electrical field. In this chapter, the description of this oxidation phenomenon is given with comparisons 

to the oxidation by corona discharge, dielectric barrier discharge, in-emitter electrochemical reaction, 

and the nanoESI under the presence of ozone. 
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Experimental section 

Ion source and instrument 

Figure 4.1 shows the schematic of the high-pressure nanoESI ion source. The ion source is 

filled with compressed air with an operating gauge pressure of 0.5 MPa and a humidity of < 10%. 

Polypropylene micropipette tips with a tip opening inner diameter of 0.4 mm (Eppendorf, Hamburg, 

Germany) were used as the ESI emitters. A platinum wire (dia: 0.2 mm) was used as the electrode to 

apply the high voltage (HV) to the solution. MS measurements were performed using a benchtop 

Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The ion source was 

coupled directly to the mass spectrometer using a custom-made ion transmission tube with 0.25 mm 

i.d. to match the acceptable gas throughput of the vacuum pump. The distance between the tip of the 

Taylor cone and the ion inlet was approximately 1 mm. When the ion source was pressurized, the 

pressure in the fore vacuum was ~1 mbar, approximately the same as the original reading of the mass 

spectrometer under standard working conditions. The spray current flowing through a 1 M sensing 

resistor was measured using a high-impedance OpAmp and digital multimeter. 

Sample preparation 

Proteins, peptides, caffeine, and water-18O (97% atom) were purchased from Sigma Aldrich. 

Phosphatidylcholine was purchased from Fujifilm. 10-Acetyl-3,7-dihydroxyphenoxazine (ADHP) was 

purchased from Cayman Chemical. Hydrochloric acid, ammonium formate, ammonium acetate, and 

tetraethylammonium bicarbonate were from Kanto Chemical (Tokyo, Japan). All chemicals were used 

without further purification. The electrical conductivity of the solution was measured using a 

conductivity meter (Mettler Toledo). The 18O content for the isotope-labeled samples was greater than 

87 % atom. 
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Figure 4.1. Schematic of the offline high-pressure nanoESI ion source. The emitter capillary is a micropipet 

tip with an i.d. of 0.4 mm. The solution flow rate is determined from the measured spray current 𝐼. Insets 

show the shape of the Taylor cones formed at different flow rates. A lower flow rate produces a charged 

droplet of a smaller radius 𝑅 with a higher electrical field 𝐸. 
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Results and Discussion 

Flow rate-dependent Oxidation 

To enable a stable electrospray for highly conductive aqueous solutions without discharge, 

all measurements were performed under a super-atmospheric condition. The flow rate of the offline 

ESI emitter was controlled solely using the applied voltage. Under a steady cone-jet mode, the flow 

rate of the solution was estimated using the following equation24. 

 
𝐼 = 𝑓(𝜖𝑟) (

𝛾𝐾𝑄

𝜖𝑟
)

1/2

 
(1) 

, where 𝜖𝑟  is relativity permittivity, 𝛾  is surface tension, 𝐾  is the electrical conductivity of the 

liquid, and 𝑓 = 18 for aqueous solutions. When using typical buffered aqueous solutions with an 

electrical conductivity of  1.5 S/m, and a spray current of approximately 100 nA, the flow rate was 

in the order of several to several tens nL/min. Such condition was non-oxidizing and the typical mass 

spectra resemble those taken using standard nanoESI with fine capillary or pneumatically assisted ESI. 

For example, the mass spectra of cytochrome c and melittin with a low charged state distribution 

acquired from ammonium salt solutions commonly used in native MS are shown in Figure 4.2.  

It was found that by increasing the conductivity of the solution to >3.8 S/m and by reducing 

the flow rate of the nanoESI near its minimum value, the ion of the analyte was modified with the 

incorporation of oxygen atoms. The amount of the incorporated oxygen, i.e. the degree of “oxidation” 

could be reproducibly adjusted by precision tuning of the applied voltage which in turn changes the 

spray current and the solution flow rate. Figure 4.3a shows the magnified mass spectra for the charge 

state +7 of cytochrome c (cyto c) acquired from 1 M ammonium formate solution under different 

measured spray currents. Figure 4.3b shows the variation of the average and the maximum number of 

oxygen atoms incorporated into cyto c for all charged states with the change of spray current. The 

average number of oxygen 𝑚̅ is calculated by 𝑚̅ =  ∑ ∑ 𝑚𝐼𝑚,𝑛𝑚𝑛 ∑ ∑ 𝐼𝑚,𝑛𝑚𝑛⁄ , where 𝑚 and n are 

the oxygen number and charge state and 𝐼𝑚,𝑛 is the corresponding peak area. The secondary x-axis 

shows the flow rate calculated using Eq 1. Here, the naturally present oxidized cyto c has an average 

of 0.6 oxygen atoms. Under the strongest oxidizing condition at the lowest spray current, 

approximately 14 oxygen was found to attach to the cyto c (Figure 4.4). Figure 4.3c shows the ratio of 
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total oxidized ion species to the total ion signal originating from cyto c. The percentage of the oxidized 

species could reach up to ~90% of the TIC at the lowest spray current. The concentration of the cyto c 

here was 25 M. From the average oxygen number and the fraction, the concentration of reactive 

oxygen species generated should be at least ~120 μM in terms of equivalent liquid phase concentration. 

The oxidation was also accompanied by the denaturation of cyto c as indicated by the change 

of average charge state in Figure 4.3c and the plot of the heatmap in Figure 4.5a. A higher charge state 

typically has a higher number of incorporated oxygens. It was reasonable as the unfolding of protein 

exposed more oxidizable amino acid residues to the ROS. It is worth noting that the unfolding of cyto 

c preceded the oxidation. The unfolding may be due to the strong electrical field and/or the thermal 

effect caused by high spray current density at the tip of the Taylor cone.  

The degree of oxidation also varied with the type of proteins. Compared to cyto c, the highest 

degree of oxidation of ubiquitin in Figure 4.6 was less pronounced. The average charge of ubiquitin 

also remained relatively constant at around 5.5, unaffected by the nanoflow rate (Figure 4.6c). These 

results suggest that the structure of ubiquitin is more rigid relative to cytochrome c. Table 1 shows the 

amino acid sequences of cytochrome c and ubiquitin. The amino acid residues of phenylalanine (F), 

tyrosine (Y), histidine (H), tryptophan (W), cysteine (C), and methionine (M) are generally considered 

to be susceptible to oxidation105–109. Cytochrome c contains 16 easily oxidized amino acid residues, 

while ubiquitin has only 5. These numbers agreed with the maximum number of attached oxygens 

observed in Figures 4.3 and 4.4. 
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Figure 4.2. Typical high-pressure nanoESI mass spectra of protein and peptide acquired under nonoxidizing 

conditions. a) Cytochrome c (10 M) in 100 mM ammonium formate. Asterisk * denotes the dimer. b) 

Cytochrome c in 100 mM tetraethylammonium bicarbonate. c) 10 M melittin in 100 mM ammonium 

formate. 
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Figure 4.3. a) Mass spectra of cytochrome c (25 M) in 1 M ammonium formate aqueous solution acquired 

at different spray currents. Red solid circle denotes the oxidized peak. Asterisk denotes the unoxidized peak. 

b) Maximum (red) and the average (solid) number of oxygen atoms versus spray current. c) Ratio of total 

oxidized ion species to the total ion signal (red) and the average charge state (blue) versus spray current. 
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Figure 4.4. Mass spectra of cytochrome c in 1 M ammonium formate acquired at different spray currents 

and flow rates. a) Spray current: 1000 nA, flow rate: 23.5 nL/min. b) Spray current: 200 nA, flow rate: 0.9 

nL/min. Red circle denotes the oxidized peak (M + nO). Asterisk denotes the unoxidized peak. 
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Figure 4.5. Heatmaps showing the effect of flow rate on the charged state of a) cytochrome c (25 M) and 

b) ubiquitin (25 M) in 1 M ammonium formate aqueous solution. 
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Figure 4.6. a) Mass spectra of ubiquitin (25 M) in 1 M ammonium formate aqueous solution acquired at 

different spray currents. b) Maximum (red dashed) and the calculated average (solid black) number of 

oxygen atoms versus spray current. c) Ratio of total oxidized ion species to the total ion signal (red) and the 

average charge state (blue) versus spray current. 
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Apo-cytochrome c (CC) 11572.35 

GDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFSYTDANKNKGITWGEETLMEYL

ENPKKYIPGTKMIFAGIKKKGEREDLIAYLKKATNE 

 

Ubiquitin (UB) 8564.84 

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRL

RGG 

 

Melittin (MLT) 2847.5 

GIGAVLKVLTTGLPALISWIKRKRQQ 

 

Angiotensin (AG) 1296.49 

DRVYIHPFHL 

 

 Cys (C) Met (M) Trp (W) Tyr (Y) His (H) Phe (F) Total 

CC 2 2 1 4 3 4 16 

UB 0 1 0 1 1 2 5 

MLT 0 0 1 0 0 0 1 

AG 0 0 0 1 2 1 4 

Table 4.1. Amino acid sequences of apo-cytochrome c, ubiquitin, melittin, and angiotensin. The amino acids 

whose R group is easily oxidized are marked in red. 
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On-demand switching of oxidation 

Figure 4.7 shows the switching between nonoxidizing and oxidizing conditions by 

modulating the HV applied to the emitter. Using spray current as the feedback signal, the HV was 

feedback controlled with a personal computer using a custom program written in C#. The spray current 

was step-modulated between 200 and 600 nA (Figure 4.7a). The ratio of the EIC of the oxidized peak 

to the EIC of the non-oxidized peak responded near-instantly (in less than 1 s) to the spray current 

(Figure 4.7b). This indicated that the oxidation was strongly dependent on the spray current, hence the 

flow rate. As the flow rate was switched to 8.4 nL/min from 0.9 nL/min, the oxidized species also 

depleted immediately back to the mass spectrum shown in Figure 4.7c (i) from 4.7c (ii). 

It is well known that a sustained electrospray is associated with the inherent electrochemical 

reaction (ECR), thus one may wonder if the ECR was involved in the observed oxidation. Here, an 

inserted platinum wire was used as the charging electrode, and the distance between the distal end of 

the electrode to the tip of the ESI emitter was approximately 10 mm. Under the operating flow rate of 

several to several tens nL/min, it would take more than 10 ten minutes to transport the oxidation 

products generated by the ECR at the electrode to the Taylor cone. Likewise, it would take several 

minutes to consume the ECR product when the oxidation was turned OFF. The near instantaneous 

response of oxidation to the change in spray current provided clear evidence that the observed 

phenomenon was not relevant to ECR at the electrode. Instead, the oxidation was likely to take place 

at the tip of the Taylor cone, on/inside the charged droplets, or in the gas phase. It is noted that as the 

solutions used in this study were highly conductive, the spraying and the oxidation condition was not 

affected by the position of the platinum electrode. 
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Figure 4.7. On-demand oxidation by step-modulation of spray current for 10 M melittin in 1 M 

ammonium formate. a) Waveform of the measured spray current. The HV applied to the emitter is 

feedback-controlled using spray current as the feedback signal. The preset values for the spray current are 

200 and 600 nA. b) The ratio of total oxidized ion species to the overall ion species. c) Mass spectra of 

melittin acquired at (i) high flow rate (600 nA) and (ii) low flow rate (200 nA). Asterisk denotes the 

unoxidized peak. 
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Dependence on electrical field  

The oxidation was believed to involve the reactive oxygen species (ROS). The formation of 

ROS here was not spontaneous, i.e. it needed an external activation or energization. We hypothesize 

that the strong electrical field on the tip of the Taylor cone or the surface of the initially charged droplet 

was responsible for the observed oxidation phenomenon. Under the condition near the lowest flow rate 

and spray current, the formed Taylor cone was the sharpest, generating the finest charged droplet. Here 

the correlation between the electrical field and the threshold to induce oxidation was evaluated using 

cytochrome c in ammonium acetate and ammonium formate solutions of different electrical 

conductivities. The measurement began by operating the ESI in a nonoxidizing condition at a high 

current and high flow rate. The naturally occurring oxidized species detected at the high flow rate were 

defined as the baseline. The flow rate was gradually decreased by reducing the emitter voltage until 

the ion intensity of the total oxidized species account for 10 % of the TIC of cytochrome c. The 

measured spray current at that point was assigned as the threshold current for the estimation of the 

electrical field that trigger the oxidation. Following the scaling law24, the radius of the initially 

produced charged droplet 𝑅𝑜 can be approximated using24 

 
𝑅𝑜~ (

𝜖𝑜𝜖𝑟𝑄

𝐾
)

1/3

 
(2) 

where 𝜖𝑜  is the vacuum permittivity. The flow rate 𝑄  can be readily calculated from the spray 

current following Eq 1. For an order of magnitude analysis, we assume the stress owing to the surface 

tension equals that of the electrostatic field (i.e. at Rayleigh limit). In that case, the electrical field 

strength on the initial droplet surface 𝐸𝑜 is 

 

𝐸𝑜~2√
𝛾

𝜖𝑜𝑅𝑜
 

(7) 

The value estimated using Eq 7 should reflect the order of magnitude of the electrical field on the 

droplet surface as well as on the tip of the Taylor cone when the droplet was generated. In terms of 

spray current, 𝐸𝑜 is 

 

𝐸𝑜~2 (
𝛾

𝜖𝑜
)

2/3

(
𝐾𝑓(𝜖𝑟)

𝜖𝑟𝐼
)

1/3

 

(8) 

Depending on the electrical conductivity, the spray currents (or the flow rates) to observe the oxidation 

were different. However, the plot of the radius 𝑅𝑜 and electrical field 𝐸𝑜 in Figure 4.8 shows an 
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interesting result that the initialization of oxidation takes place at an average 𝑅𝑜 of ~ 19.2 nm and a 

𝐸𝑜 of 1.3 V/nm, independent of the conductivity and the choice of the buffer solution. This suggested 

that the turn-on of oxidation was strongly linked to the electrical field associated with the nanoESI. 

One may argue that the phenomenon was identical to the commonly encountered corona 

discharge co-generated by the ESI at higher HV. An important discrepancy from the corona discharge-

induced phenomenon was that the observed oxidation species were at their highest abundance at the 

lowest HV and spray current. Also, under the super-atmospheric pressure, an apparent corona 

discharge was absent as verified by microscopic inspection on the Taylor cone and the measurement 

of spray current. Still, the possibility of partial discharge could not be excluded because that current 

was at the same order of magnitude or lower than the electrospray current. We conjecture that despite 

the absence of apparent discharge, the local electrical field was strong enough the accelerate electron 

and ions in proximity to the liquid surface for the formation of reactive oxygen species. In the following 

sections, this oxidation taking place under a low flow rate is referred to as strong electrical field-

induced oxidation (SEFO). It is noted that the flow rate in Eq 2 or the spray current in Eq 8 cannot be 

reduced to an arbitrarily small value because to sustain a steady cone-jet mode, there exists a minimum 

flow rate 𝑄min which is given as24 

 
𝑄min~

𝜖𝑜𝜖𝑟𝛾

𝜌𝐾
 

(3) 

, where 𝜌 is the density of the liquid24. This minimum flow rate limits the highest possible electrical 

field 𝐸max that could be achieved for a given solution to 

 

𝐸max~2 (
𝜌

𝜖𝑜
5

)
1/6

(
𝛾𝐾

𝜖𝑟
)

1/3

 

(9) 

Eq 9 implies that for an aqueous solution at room temperature where 𝛾 = 0.072 N/m, 𝜌 = 997 kg/m3, 

𝜖𝑟 = 80, it requires a minimum electrical conductivity of 2.3 S/m to attain the threshold electrical field 

of 1.3 V/nm at the minimum flow rate. In practice, 𝐾 needed to be greater than 3.8 S/m so that the 

operation above 𝑄min could still produce pronounced oxidation. 
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Figure 4.8. Radius and the electrical field of the initial droplet at the threshold for the detection of oxidized 

species. The sample is cytochrome c (25 M) in different buffers solution of various electrical conductivities. 

Blue square: ammonium acetate. Red circle: ammonium formate. The average threshold radius and electrical 

field are ~19.2 nm and 1.3 V/nm. 
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Oxidation of molecular ion  

The strong electrical field-induced oxidation of caffeine in Figure 4.9 shows some unusual 

results not found in typical ESI measurements. The solvent here was 200 mM HCl aqueous solution 

with an electrical conductivity of ~7 S/m. Using a highly conductive solution, the molecular ion of 

caffeine (M+) was detected along with the protonated species ([M+H]+) at a relatively higher flow rate 

(10 nL/min < Q < 30 nL/min). Although the detection of the molecular ion is common for electron 

ionization and field ionization, caffeine is usually detected almost solely as the protonated species 

using ESI or APCI. Due to the high electrical field, the presence of M+ may indicate the presence of 

field ionization. Another possible ionization route is via charge transfer from the water radical cation 

which is reportedly present near/at the droplet-air interface under a strong electrical field101. The 

incorporation of oxygen into the molecular ion was also observed by decreasing the spray current to < 

10 nL/min. The abundance of M+ was found to decrease with the rise of [M+O]+ at m/z 210, and 

[M+HO2]
+ at m/z 227. The intensity ratios of M+/[M+H]+, [M+O]+/[M+H]+, and [M+HO2]

+/[M+H]+ 

are shown, respectively in the subplots of Figure 4.9. 
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Figure 4.9. Detection of caffeine (25 M) in 200 mM HCl under different spray currents. Red: Intensity ratio 

of M
+
/[M+H]

+
. Blue: [M+O]

+
/ [M+H]

+
. Green: [M+HO2]

+
/ [M+H]

+
. Mass spectra in the inset are taken at 1000 

and 200 nA. 
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Comparison with other oxidation methods  

For comparison, the oxidation of cytochrome c was performed using various in-situ 

oxidation devices operated together with the same nanoESI source. Figure 4.10 shows the results of i) 

atmospheric pressure corona discharge (APCD), ii) in-emitter electrochemical (EC) reactor, iii) 

dielectric barrier discharge (DBD), and iv) ozone generated from DBD. Mass spectra in row (a) are 

taken when oxidation devices were in the initial OFF condition. Those in row (b) are taken after the 

oxidation devices were turned ON and sufficient time has passed for the ion signal to reach a steady 

state condition.  

For APCD in column (i), the result was taken by placing a corona discharge needle in 

between the high-pressure ion source outlet and the MS ion inlet. This arrangement which separated 

the ESI source from the discharge source was chosen to preserve the stability of the electrospray. The 

discharge current was > 10 A. Surprisingly, no obvious oxidation was observed. Possible 

explanations are a low concentration of ROS and a poor interaction between the charged droplets/ions 

and the ROS. The repulsive force may prevent the charged droplet from approaching the ROS-rich 

high electrical field region. Changing the polarity of the corona discharge shifted the charge state 

distribution to a low charge without any improvement in the oxidation performance. Figure 4.11 shows 

another APCD measurement in which the corona discharge was co-generated at the stainless-steel 

emitter of an atmospheric pressure ESI source. The HV was increased up to the level before the 

fluctuation of the spray but only a weak oxidation peak was detected. 

Column (ii) shows the electrochemical oxidation performed inside the capillary of the 

emitter. In addition to the primary HV electrode for electrospray, another wire with insulator cladding 

was inserted into the ESI capillary as the second electrode. A ~3V potential difference was applied 

between those electrodes. The HV electrode was the cathode and the second electrode was the anode. 

The choice of the second electrode was important to prevent anodic oxidation and the formation of 

metal ions in abundance (Figure 4.12). Mass spectra in Figure 4.10 (ii) were taken using a platinum 

wire with Teflon cladding as the second electrode. After turning ON of the EC cell, the oxidation peak 

increased gradually and reached a steady state after 20 min. Only one oxygen attachment was observed. 
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Figure 4.10. Oxidation of cytochrome c using i) atmospheric pressure corona discharge (APCD), ii) in-

emitter electrochemical reactor (EC), iii) dielectrical barrier discharge (DBD), and iv) ozone generated from 

DBD. Red circle denotes the peak due to the incorporation of oxygen into the cytochrome c. Asterisk 

denotes the unoxidized peak. # sign denotes the peak due to the adduction of HNO3. Sample: 10 M 

cytochrome c in 100 mM ammonium formate. 
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Figure 4.11. Mass spectra of cytochrome c (10 M) in 100 mM ammonium formate in 50% ethanol. (i) 

Standard atmospheric pressure ESI. (ii) Atmospheric pressure ESI with a higher voltage to induce an 

electrical discharge with a current of 8 A. The solution flow rate is 0.5 L/min. 
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Figure 4.12. Mass spectra of cytochrome c in 100 mM tetraethylammonium bicarbonate acquired by 

nanoESI with an in-emitter electrochemical (EC) reactor. The oxidation electrodes are (i) Silver-plated 

copper and (ii) stainless steel. (a) and (b) are the mass spectra acquired at 0 min and 20 min after the turn 

ON of the EC reactor. 
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   Dielectric barrier discharge was used in Figure 4.10 (iii) by placing the DBD source in between 

the ion source and the MS inlet. Glass was used as the barrier material. The discharge current for DBD 

was in the order of mA, significantly higher than the corona discharge source in (i), and the odor of 

ozone can be felt from 1 m away from the source. The degree of oxidation was much higher than 

corona discharge (i) and SEFO, well exceeding the number predicted by Table 4.1. However, the 

tunability for the degree of oxidation using this method was not easy and the mass spectrum was 

complicated by the presence of adduct species such as n(HNO3). Figure 4.10 (iv) shows the oxidation 

by ozone generated from the DBD. A cylindrical DBD source made of quartz tube was added in 

between the ion source and the gas supply line. The positive and negative ions from the DBD were 

annihilated by the metallic transfer tube and the inner wall of the ion source. This was verified by the 

observation that no background ion was detected when the DBD was turned ON, and ESI was turned 

OFF. By electrospraying the solution in the ozone-containing air, the oxidation peak gradually 

appeared and the intensity reached a plateau after ~ 5 min. The most dominant oxidation peak was the 

one with 1 oxygen atom. Even when the DBD was turned OFF, it took approximately 30 min for the 

mass spectrum to return to the oxidation-free condition, greatly exceeding the time needed to flush the 

ozone. This indicated that ozone has been dissolved into the solution phase via the Taylor cone. 

Another comparison with ozone oxidation is shown in Figure 4.13 for peptides. The mass 

spectrum of the ozone-oxidized melittin in Figure 4.13a shows a dominant peak with the incorporation 

of three oxygen atoms. The finding by Richards et al also showed that the ozonated protein exhibits a 

predominant peak with three oxygens adduct109. The result by SEFO (Figure 4.7c (ii)) however shows 

a different oxygen distribution. The ion with the incorporation of one nitrogen was also detected which 

might be due to the interaction with other neutral species from DBD. The distribution of oxygen 

generated from ozone and SEFO were obviously quite different. Another measurement was performed 

using Angiotensin I which was reportedly not to be oxidized by ozone109. That same finding was 

reproduced in our experiment (Figure 4.13b) using ozone from DBD. Figure 4.13c shows the oxidation 

of angiotensin I was still possible by SEFO. In sum, the result in Figure 4.13 suggested that the main 

ROS involved in the SEFO was not ozone. 
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Figure 4.13. a) Oxidation of 10 M melittin in 100 mM ammonium formate using ozone produced from 

DBD source. b) Oxidation of 20 M angiotensin I in 50 mM HCl using ozone. c) Strong electrical field-

induced oxidation of angiotensin I in 500 mM HCl. Asterisk denotes the unoxidized peak. 
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Source of oxygen atoms 

The source of oxygen atoms attached to the analytes depends on the origin of ROS, and the 

subsequent interaction with the water and the analytes. If the phenomenon is discharge-like, the 

formation of ROS should take place in the gas phase. On the other hand, the strong electrical field 

established by the microdroplet electrical double layer (also reported to be in the order of 1 V/nm) was 

recently postulated by Zare and others to generate hydroxyl radicals in the liquid phase which 

contributed to the observed spontaneous formation hydrogen peroxide103,110. Isotope labeling method 

was used to determine the origin of the oxygen atom. The analyte was L-phosphatidylcholine (PC 

18:1/18:1) with two double bonds (one at each fatty acid chain). Two sets of water solutions were used. 

One was prepared in normal pure water and another was prepared in H2
18O (97% atom). The 

measurement was performed using air and pure nitrogen as the operating gas for the ion source. 

The mass spectra acquired using normal water solution and air are shown in Figures 4.14a 

(i) and 4.14b (i). Two dominant oxidation peaks were detected owing to the preferential attack of the 

double bond104. The result obtained using a water-18O solution with air as operating gas is shown in 

Figures 4.14a (ii) and 4.14b (ii). The magnified mass spectrum in 8b shows that even with water-18O, 

the dominant oxidation peaks were due to those of [M+H+16O]+, [M+H+216O] +. Ion species of 

[M+H+18O]+, [M+H+16O+18O] +, and [M+H+218O]+ were detectable but with much weaker ion 

intensities (see intensity comparison in Figure 4.14c). Changing the operating gas to high-purity 

nitrogen (99.99995%) reduced the intensity of the oxidation peak as shown in Figures 4.14a (iii) and 

4.14c. Even under that condition, the oxidation was still dominated by 16O. A similar result was also 

observed for the melittin sample prepared in water-18O (Figure 4.15). 
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Figure 4.14. a) Mass spectra obtained under oxidized conditions for 5 M L-phosphatidylcholine (PC 

18:1/18:1) in 500 mM HCl prepared using normal water (i) and water-
18
O (ii & iii). The operating gases are 

air (i & ii) and high-purity nitrogen (iii). Asterisk denotes the peak without oxidation. b) Enlarged view of 

(a)(i) and (a)(ii). c) Intensity comparison for different oxidation species. 
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Figure 4.15. Mass spectrum of melittin oxidized by strong electrical field-induced oxidation. The sample 

solution is prepared using ammonium acetate (~1.5 M) in water-
18
O. 
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Figure 4.16. Detection of hydrogen peroxide H2O2 using ADHP.
 

The hydroxyl radical can form hydrogen peroxide H2O2 in solution. The detection of H2O2 in the solution is 

performed using 10-Acetyl-3,7-dihydroxyphenoxazine (ADHP, Amplex Red) which is a widely used 

fluorescent probe molecule for H2O2. ADHP converts to resorufin by H2O2. Because the electrical field-

induced oxidation takes took place only within a small volume of the order of (10 nm)
3
, the direct 

fluorescent measurement at the Taylor cone tip is difficult. Nevertheless, resorufin and the ADHP are readily 

detected as protonated species by the present nanoESI-MS. Figure 4.16 shows the plot of the ratio of 

resorufin intensity to the intensity of (ADHP + resorufin) versus the spray current. The abundance of H2O2 is 

the highest at the strongest electrical field at the lowest spray current and flow rate. 
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With a sufficient acceleration of seed electrons near the charged liquid surface, the oxygen 

molecules in the proximity could be split into oxygen atoms which could eventually form ozone when 

combined with other oxygen molecules. Although the contribution by the ozone in SEFO could not be 

completely ruled out, the mass spectra obtained using external ozone (Figures 4.13a, 4.13b, and 4.12 

iv) clearly showed that it was not the primary oxidation route. The ozone and/or the split oxygen atoms 

could react with the water to form hydroxyl radicals (•OH). The detection of 18O-related peaks in the 

water-18O sample supports the formation of 18•OH. The detection of H2O2 (which can be formed by 

•OH ) in Figure 4.16 also supports the formation of hydroxyl radicals. However, despite its presence, 

the low abundance of 18O-related ions indicated that the hydroxyl radical oxidation was unlikely the 

main oxidation route in SEFO because the reaction of gas phase oxygen species with water-18O should 

result in equal amounts of 18•OH and 16•OH. In sum, the primary source of oxygen in the SEFO was 

the gas phase 16O2, suggesting a possibility of direct oxidation of analytes by the oxygen atoms 

generated by the strong electrical field. It is noted that oxidation by the atomic oxygen generated from 

the atmospheric plasma was also reported to be possible for the analyte in the solution111. 

 

Discussion 

In summary, the initial size of the droplet, hence the strength of the electrical field were the 

key factors influencing the degree of oxidation. Following Eq 9, a solution needed to have sufficient 

electrical conductivity to attain a strong electrical field. The three aqueous solutions (ammonium 

acetate, ammonium formate, and HCl) tested in this study were highly conductive but still volatile and 

friendly to ESI without producing salt clusters. The highest electrical field was attained by the most 

conductive 500 mM HCl aqueous solution (𝐾= 16.4 S/m). The jet and initial droplets generated from 

those solutions were smaller than the optical wavelength, therefore invisible under the optical 

microscope under all tested flow rates.  

Regarding the accelerated redox reactions found to take place in the sprayed aqueous 

microdroplets, two types of water-originated reactants have been proposed. One is hydroxyl radicals 

generated from the hydroxide112. Another is the free water radical cations & radical anions generated 

from the dissociation of radical cation/anion pair101,102. Similar to the present study, the formation of 

those reactants was believed to require a strong electrical field at the aqueous microdroplet-air interface. 
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The oxidation by hydroxyl radical reported by Zare et al112. used a pneumatic sprayer with a broad 

distribution of droplet size in micrometers order. The redox by water radical ions reported by Cooks 

et al101,102. was performed by spraying acetonitrile solution with a trace amount of water using a nano 

ESI emitter with 5 m i.d. Owing to the low electrical conductivity (𝐾 < 1mS/m) of acetonitrile, the 

initial droplet produced by the cone-jet mode should also be in the micrometer scale but not larger than 

5 m. Both studies by Zare and Cooks showed that the oxidation response increased with the emitter-

ion inlet distance (or the droplet flight time). For the oxidation observed in this study, however, the 

generation of initial droplets of nanometer size was crucial. Due to the short lifetime of such droplets, 

increasing the emitter-inlet distance from the default 1 mm to >5 mm was not found to produce any 

effect on the degree of oxidation and the threshold 𝐸𝑜, except for causing a higher voltage to form 

Taylor cone and a drop in overall ion intensity. In sum, although the oxidation by the water-originated 

reactive species (such as hydroxyl radical and/or water radical cation) could not be excluded in our 

experiment, they were unlikely to be the main contributor as the majority of the incorporated oxygens 

were originated from the gas phase. By using 99.5% oxygen as the operating gas for the ion source, 

the average number of oxygens attached to the protein was also found to increase (Figure 4.17), 

supporting the contribution from the gas phase oxygen. The gas phase ROS could react directly with 

the analyte at the liquid-gas interface which was partially exposed to the gas phase. 
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Figure 4.17: Oxidation of ubiquitin using air and oxygen as operating gases. 

a) a) 0.5 MPa dry air (default in this study). 

b) 99.5 % oxygen at 0.3 MPa. 

The values show the average number of the incorporated oxygen atoms and the percentage of oxidation for 

charge state +5. The spray current is 200 nA. Ubiquitin concentration: 20 M. The solvent is 1 M ammonium 

acetate aqueous solution. 
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Ozone is the common ROS formed by electrical discharge but the oxidation pattern and 

characteristics were different from that when ozone was intentionally introduced. We, therefore, 

propose the primary oxidant to be the oxygen atoms which are the precursor of ozone generated from 

the splitting of oxygen induced by the strong electrical field. While the average number of oxygen 

atoms incorporated into the analyte could be tuned by the emitter voltage, we have not attained 100 % 

oxidation. For example, the result of PC 18:1/18:1 in Figure 4.14a still shows a significant abundance 

of unoxidized PC. Replacing the air with 99.5% oxygen, and optimizing the ion source pressure to 

~0.3 MPa shows an improvement in the percentage of oxidation from ~40 % to ~80 % (Figure 4.18). 

There was a drop in ion intensity due to a lower gas intake as the ion transmission tube in this work 

was optimized for 0.5 MPa. Nevertheless, it was an indication that further improvement in oxidation 

efficiency was still possible. 

The present method also shared a similarity with the electro-epoxidation with nanoESI 

(EEnanoESI) by Yan et al in a way that the oxidation is controlled by the emitter potential81. While 

their process involved electrochemical reactions (ECR), the ECR was not relevant to our study. The 

oxidation effect was also observed using an ECR-free all-insulator bipolar ESI emitter113. Regarding 

the spraying mode, their microscopic image indicated that the liquid meniscus was in a high-frequency 

oscillation and the flow rate was approximately 100 nL/min. In our case, typical flow rates were below 

5 nL/min, and it was under the well-characterized steady cone-jet mode. Interestingly, EEnanoESI 

required a capillary with a large i.d (75 m) for the electro-epoxidation to occur. Coincidentally, this 

study also used an emitter with a large i.d. (0.4 mm) by default, but that was adopted for convenience 

and reproducibility. Measurements using smaller emitter capillaries with i.d. of 20 and 5 m exhibited 

the same oxidation phenomena, and for a given solution, the thresholds of oxidation were observed at 

approximately the same spray current, regardless of the emitter size. The result obtained by the 5 m 

capillary (purchased from Humanix, Hiroshima, Japan) is shown in the Figure 4.19. It is noted that for 

fine capillaries, it is necessary to avoid the high-frequency pulsation mode because Equations 1-3, 8, 

9 are valid only for the steady cone-jet mode. 
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Figure 4.18. Oxidation of PC 18:1/18:1 using air and oxygen as operating gases. 

a) 0.5 MPa dry air (default in this study). Percentage of oxidation = 43.5 % 

b) 99.5 % oxygen at 0.3 MPa. Percentage of oxidation = 82.6 % 

The spray current is ~250 nA in both cases. PC concentration: 5 M. The solvent is 500 mM HCl in 

water:acetonitrile 9:1. 𝐾 = 14.7 S/m. 
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Figure 4.19. Oxidation of cytochrome c using fine glass capillary with i.d. of 5 m. 

a) Mass spectrum acquired at 300 nA spray current. 

b) Mass spectrum acquired at 160 nA. 

Sample: 20 M cytochrome c in 1 M ammonium formate aqueous solution.  

Operating gas: air at 0.5 MPa. 
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Conclusions 

We have demonstrated an efficient oxidation method that relies on the strong electrical field 

on the surface of a charged droplet or at the tip of a Taylor cone. The degree of oxidation was highly 

tunable by varying the flow rate of the electrospray, hence changing the size of the initial charge droplet 

and the radius of curvature at the tip of the Taylor cone. On-demand oxidation had been performed by 

precision tuning of the nano-flow rate using HV modulation with spray current as the feedback signal. 

The response of oxidation to the measured spray current was almost instantaneous. Using the scaling 

laws for electrospray, the threshold electrical field to induce the oxidation was found to be in the order 

of 1 V/nm. The isotope labeling showed that the oxygen atoms originated from the gas phase. Ozone 

is commonly produced in electrical discharge but it was found not to be the final reactive oxygen 

species that reacted with the analytes. We postulate that the split oxygen atoms generated by electron 

activation under the strong electrical field reacted directly with the analytes to form the observed 

dominant oxidation species. The oxygen atom and the cogenerated ozone also reacted with water to 

form hydroxy radicals. The controlled oxidation can find application in the labeling of the analyte and 

the selective fragmentation that targets the oxygen-labeled location for structural analysis. As the 

present method only requires high electrical conductivity, the buffer solutions commonly used in the 

native electrospray to maintain a near physiological pH can be employed directly to perform native 

ESI-MS and oxidation analysis on the same sample in a single emitter. The use of electrical field 

strength, which can be estimated from the spray current, as the universal control parameter also 

improves the reproducibility across different emitters and solvent systems. 
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Chapter 5: Novel application of HP nano-ESI: Probing acid-induced 

compaction of denatured proteins 

Summary 

A further increase in acidity in the most denaturing acidic solution is known to induce compaction of 

the fully unfolded protein into a molten globule with a compact conformation. The phenomenon of 

“acid-induced folding of proteins” takes place at ~pH 1 in strong acid-aqueous solutions with high 

electrical conductivity and surface tension, a condition that is difficult to handle using conventional 

electrospray ionization methods for mass spectrometry. Here, the high-pressure electrospray (HP-ESI) 

is used to produce well-resolved mass spectra for proteins in strong acids with a pH as low as 1. The 

compaction of protein conformation is indicated by a large shift in the charge state from high charges 

to native-like low charges. The addition of salt to the protein in the most denaturing condition also 

reproduces the compaction effect, thereby supporting the role of anions in this phenomenon. Similar 

compaction of protein is also observed in organic solvent/acid mixtures. The charge state of the 

compacted protein depends on the type of anions that formed ion pairs with the positive charge on the 

protein. The dissociation of ion pairs during the ionization process forms neutral acids that can be 

observed by HP-ESI using a soft ion introduction configuration. 

Introduction 

A correctly folded protein in its native state has a tight three-dimensional conformation that is 

biologically active. As the higher-order structure of a native protein is maintained by the non-covalent 

interactions, it can be disrupted by denaturants such as harsh pH, high temperature, and organic solvent, 

resulting in the unfolding of the polypeptide chain.114–116 Lowering the pH of protein solution by 

adding acid to around pH 2 is known to induce a fully unfolded conformation for proteins such as 

cytochrome c and apomyoglobin.117 However, further increasing the acid concentration would induce 

a refolding of these proteins at ~ pH 1 into an “acid denatured” but compact molten globule state.117 

The “acid-induced folding of proteins” was first reported by Fink and coworkers using circular 
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dichroism spectroscopy.117–119 The compaction of the denatured protein was attributed to the binding 

of anions that minimizes the effect of intramolecular charge repulsion that is responsible for protein 

unfolding. 117–119 The ionization state of the protein is unaffected as it is already maximally protonated 

at pH 2. 

Mass spectrometry on the other hand is an indispensable analytical method for proteomics 

that provides a wealth of information for accurate molecular weight, structural elucidation, and isotopic 

distribution. Electrospray ionization (ESI) is a “soft” ionization method for mass spectrometry to 

generate intact protein ions with little or no fragmentation.9,120 The gentle release of protein into the 

gas phase can even preserve the non-covalent bonding and the solution structure of proteins to a certain 

extent.121 The charge state distribution (CSD) for the protein ions is influenced by the ionization route 

and the protein conformation at the last stage of desolvation. A compact molecule is expected to have 

a smaller effective area to accommodate the excess charges at the final stage of the desolvation 

process.122 If the ionization route is via the charge residue model, the Rayleigh limit, i.e. the largest 

attainable charge for the last-stage droplet is correlated to the protein hydrodynamic radius.60 Other 

ionization routes such as ion evaporation, chain, and bead ejections13,16,123 are also expected to affect 

the CSD. Although the research on further understating those details is still ongoing, it is known that 

the charge state distribution (CSD) of protein ions generated by positive-mode ESI reflects the protein 

conformation in the solution.114,124,125 For example, denatured proteins are manifested in the mass 

spectrum by a wide CSD with higher charge states (lower m/z), and more tightly folded proteins tend 

to exhibit a narrow CSD with lower charge states (higher m/z). 

Here we perform the acid-induced compaction of the denatured cytochrome c, 

apomyoglobin, and ubiquitin in aqueous hydrochloric acid (HCl) and trifluoroacetic acid (TFA) at pH 

1 and investigate the effect of salt and organic solvent using high-pressure electrospray mass 

spectrometry (HP-ESI-MS). The possible effect of acid-induced folding of protein on ESI mass spectra 

at low pH was first mentioned by Konermann & Douglas.126 Low charge state peaks attributed to the 

acid-induced folded protein were observed by McLuckey and colleagues using standard nanoESI,127,128 

but the ion signal was weak and the peaks were not well resolved. Under ordinary atmospheric pressure 

conditions, the large surface tension and high electrical conductivity of the highly acidic aqueous 

solutions make the sprayer prone to electric discharge, which in turn affects the stability of the 
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electrospray, the efficiency of ionization, and the quality of the mass spectrum. The discharge issue is 

overcome by generating the electrospray inside a high-pressure gas environment, a technique that has 

been developed in our laboratory.33,104,129 The reduced mean free path for gas molecules and electron 

under high pressure increase the gaseous breakdown voltage for discharge. For a special case of a 

homogeneous electric field, the relationship between the pressure and gaseous breakdown voltage is 

given by Paschen’s law. Since the onset voltage for electrospray is unaffected by the gas pressure,23 a 

high-pressure environment enables the formation of a highly stable Taylor cone even for pure water 

with large surface tension. Recently, HP-nanoESI of the highly conductive aqueous solution has also 

been performed using commercial pipet tips as the emitter,33 eliminating the problems of clogging, 

interaction with the emitter inner surface, and the tip-to-tip reproducibility faced by the conventional 

pulled-glass capillary emitters. In the absence of discharge, the droplet size and the flow rate of a 

voltage-controlled ESI can also be accurately tuned using spray current as the monitor to manipulate 

the ionization species.130 

Experimental section 

Electrospray ion source   

The schematic of the HP-ESI source is shown in Figure 5.1. The emitter was a micropipette tip with a 

0.37 mm inner diameter (Eppendorf). A platinum wire (dia: 0.2 mm, Nilaco) was used as the electrode 

to make contact with the liquid inside the emitter. The whole emitter tip was placed inside a high-

pressure vessel which consisted of an aluminum chamber and an insulating flange made of 

Polyetheretherketone (PEEK). The ion source was pressurized to 0.5 MPa gauge pressure using dry 

air from an air compressor (Anest Iwata). The pressure was monitored using a digital pressure gauge 

(SMC) and the gas flow rate was measured using a mass flow meter (Azbil). The spray current was 

obtained by measuring the voltage drop across a 1 M resistor connected in series with the emitter 

using a custom-made isolation amplifier (ISO 121BG, Texas Instrument). The amplified signal was 

coupled to the multimeter (Agilent 34461A). The flow rate of the solution was tuned by adjusting the 

emitter voltage. For the electrospray in the steady cone-jet mode, the flow rate 𝑄 was estimated from 
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the spray current 𝐼  using the equation 𝐼 = 𝑓(𝜀𝑟) (
𝛾𝐾𝑄

𝜀𝑟
)

1

2
  developed by Fernández de la Mora & 

Loscertales,24 where 𝜀𝑟 is relativity permittivity, 𝛾 is surface tension, 𝐾 is the electric conductivity 

of the liquid, and 𝑓(𝜀𝑟) = 18 for aqueous solutions. The radius of the initial droplet 𝑅𝑜 was estimated 

by 𝑅𝑜~(𝜀𝑜𝜀𝑟𝑄/𝐾)1/3, where 𝜀𝑜 is the vacuum permittivity.24 The fine capillary-based nanoESI-MS 

was performed using commercial pulled-glass capillaries with i.d. of 5 μm (Humanix, Hiroshima) and 

1 μm (New Objective, MA). 

Mass spectrometer 

The ion source was connected directly to a benchtop Orbitrap mass spectrometer (Exactive, Thermo 

Fisher Scientific, Bremen, Germany) using a custom-made ion transmission tube (i.d.: 0.25 mm, length: 

20 cm). Unless otherwise specified, mass spectra were acquired using the high-pressure ESI source. 

The default instrumental settings for the mass spectrometer were as follows: the temperature for the 

ion transport tube: 300 C, capillary and tube-lens voltage: 120 V. The maximum ion injection time 

was 50 ms. The pressure in the fore vacuum was ~1 mbar. 

Sample preparation 

Ubiquitin, bovine cytochrome c, myoglobin, and acetonitrile were from Sigma Aldrich (St. Louis, US). 

Formic acid (FA), trifluoroacetic acid (TFA), hydrochloric acid (HCl), ethanol, and ammonium 

chloride were from Kanto Chemical (Tokyo, Japan). Pure water was prepared using Simplicity UV 

(Millipore, Bedford, MA). All the chemicals were used without further purification. The electric 

conductivity and pH of the solution were measured using a conductivity and pH meter (Mettler Toledo 

SevenExcellence). The pH of solutions was adjusted by the slow addition of a small amount of 

concentrated HCl to the sample initially prepared in pure water. The sample was vigorously stirred 

with a magnetic stirrer with its pH measured using the preparation process. 
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Figure 5.1. Schematic of the high-pressure nanoESI ion source. A micropipette tip was used as the emitter. 

A platinum wire was used as the electrode. The high-pressure ion source was connected directly to the 

mass spectrometer using an ion transmission tube with an inner diameter of 0.25mm. 

  



116 

 

Results and Discussion 

High-pressure ESI mass spectrometry 

The effect of pH on proteins was first evaluated by acquiring the HP-ESI mass spectra of cytochrome 

c in HCl solutions titrated to different pH (Figure 5.2). At pH 5, the low charge states of the protonated 

cytochrome c with +7 as the dominant peak indicated a still tightly folded structure (Figure 5.2a). CSD 

at pH 3 was bimodal due to the presence of highly unfolded and partially folded proteins (Figure 5.2b). 

The highly charged distribution was obtained at pH 2 (Figure 5.2c), in agreement with the observation 

by far-UV circular dichroism that the cytochrome c was fully unfolded under that condition.6 A further 

increase in acidity to pH 1 changed the CSD abruptly to lower charges centering at +6 (Figure 5.2d), 

a clear indication of cytochrome c assuming a compact conformation. When the same measurement 

was performed using the standard atmospheric pressure nanoESI using a pulled-glass capillary (i.d.: 5 

μm), similar results were reproduced only for pH 5, 3, and 2 (Figures 5.3a-5.3c). At pH 1, the mass 

spectrum for cytochrome c was not well-resolved, although the low S/N peaks indicated the occurrence 

of protein compaction (Figure 5.3d). When the same nanoESI emitter was operated under high pressure, 

strong peaks, and a clean mass spectrum were obtained (Figure 5.4). A similar trend was also observed 

using nanoESI capillary with 1 μm i.d. (Figure 5.5) These findings highlight the distinct advantage of 

the high-pressure electrospray ion source over the conventional atmospheric pressure source for highly 

acidic solutions. 

Figure 5.6 shows the decreasing pH effect on myoglobin in TFA. At pH 4, myoglobin was 

only partially unfolded and all detected ions were due to those of holomyoblobin with heme remaining 

intact (5.6a). This mass spectrum is similar to the typical “native mass spectrum” obtained using 

ammonium acetate as a "buffer",131 although the role of ammonium salts in maintaining the native 

state of proteins is still controversial.132–134 The abundance of the highly charged apomyoglobin 

(without heme) started to increase at pH 3.5 (5.6b) and reached its maximum at ~ pH 3 (5.6c). Further 

decreasing the pH to 1 significantly raised the intensity for charge states +7 and +6 for the compacted 

apomyoglobin (5.6d). Holomyoglobin (with heme) was not detected at that low pH. This result verified 

that the compacted molten globule state of apomyoglobin was significantly different from the native 
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state of myoglobin. 

 

The HP-ESI-MS of proteins in acidic aqueous solutions was performed using a high-pressure ESI ion 

pressurized to 0.5 MPa gauge pressure with compressed air (Figure 5.1). The emitter was a 

micropipette tip with a 0.37 mm inner diameter that is placed inside a hermetically sealed high-pressure 

chamber. The ion source was connected directly to a commercial mass spectrometer using a custom-

made ion transmission tube (i.d.: 0.25 mm, length: 20 cm). The flow rate was tuned by adjusting the 

emitter voltage and the measured spray current was used to estimate the solution flow rate according 

to established scaling laws for electrospray.33,104 See supporting info for the experimental details. 

Unless otherwise specified, mass spectra were acquired using high-pressure ESI with a micropipette 

tip as the emitter. 

The effect of pH on proteins was first evaluated by acquiring the HP-ESI mass spectra of 

cytochrome c in HCl solutions titrated to different pH (Figure 5.2). At pH 5, the low charge states of 

the protonated cytochrome c with +7 as the dominant peak indicated a still tightly folded structure 

(Figure 5.2a). CSD at pH 3 was bimodal due to the presence of highly unfolded and partially folded 

proteins (Figure 5.2b). The highly charged distribution was obtained at pH 2 (Figure 5.2c), in 

agreement with the observation by optical spectroscopy that the cytochrome c was fully unfolded under 

that condition. A further increase in acidity to pH 1 changed the CSD abruptly to lower charges 

centering at +6 (Figure 5.2d), a clear indication of refolding for cytochrome c. When the same 

measurement was performed using the standard atmospheric pressure nanoESI using a pulled-glass 

capillary, similar results were reproduced only for pH 5, 3, and 2 (Figures 5.3a-5.3c). At pH 1, the 

mass spectrum for cytochrome c was not well-resolved, there was a sign of protein refolding (Figure 

5.3d). When the same nanoESI emitter was operated under high-pressure, strong peaks and a clean 

mass spectrum were obtained (Figure 5.4). These findings highlight the distinct advantage of the high-

pressure electrospray ion source over the conventional atmospheric pressure source for highly acidic 

solutions. 

Figure 5.5 shows the decreasing pH effect on myoglobin in TFA. At pH 4, myoglobin was 

only partially unfolded and all detected ions were due to those of holomyoblobin with heme remaining 

intact (2a). This mass spectrum is similar to the typical “native mass spectrum” obtained using 
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ammonium acetate as a "buffer",131 although the role of ammonium salts in maintaining the native 

state of proteins is still controversial.132–134 The abundance of the highly charged apomyoglobin 

(without heme) started to increase at pH 3.5 (2b) and reached its maximum at ~ pH 3 (2c). Further 

decreasing the pH to 1 significantly raised the intensity for charge states +7 and +6 for the refolded 

apomyoglobin. Holomyoglobin (with heme) was not detected at that low pH. This result verified that 

the refolded molten globule state of myoglobin was significantly different from its native state. 

 

 

Figure 5.2. HP-ESI mass spectra of 10 μM cytochrome c in HCl aqueous solutions with different pH. The 

asterisk in (a) denotes the peak for the dimer. 
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Figure 5.3. Atmospheric pressure nanoESI mass spectra of 10 M cytochrome c in hydrochloric acid 

aqueous solutions of different pH obtained using standard pulled glass capillaries (tip i.d. = 5 m). 
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Figure 5.4. High-pressure mass spectra of 10 μM cytochrome c at pH 1 obtained from pulled glass capillary 

emitter (i.d. 5 μm) placed in a high-pressure ion source. Cytochrome c is prepared in hydrochloric acid 

aqueous solution. 

 

 

 
Figure 5.5. Atmospheric pressure (a) and high pressure (b) nanoESI mass spectra of 10 μM cytochrome c in 

hydrochloric acid aqueous solution of pH 1 obtained using commercial pulled glass capillaries (tip i.d. = 1 μ

m). 
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Figure 5.6. HP-ESI mass spectra of 10 M myoglobin in trifluoroacetic acid (TFA) aqueous solutions with 

different pH. H denotes heme, the solid green circle denotes holo, and the open blue circle denotes apo 

myoglobin. 
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Average charge state 

Figure 5.7 summarizes the effect of pH on the average charge states 𝑞av  for cytochrome c (CC), 

myoglobin (MB), and ubiquitin (UB) prepared in HCl and TFA aqueous solutions. The average charge 

state is calculated by 𝑞av = ∑ 𝑛 𝐼𝑛/ ∑ 𝐼𝑛 , where 𝑛 is the charge state, and 𝐼𝑛 is the respective ion 

intensity. The corresponding mass spectra are shown in Figures 5.8-5.13. Both acids produced a closely 

resembling trend for each protein, indicating that the 𝑞av(𝑝H)  was dependent on the intrinsic 

properties of the proteins. The highest average charge state for CC was located at pH 2 which is 

consistent with the full unfolding observed using circular dichroism.119 As for myoglobin, the 𝑞av 

peaked at pH 3 (Figure 5.7b. The change of average charge state was not as abrupt because the highly 

charge species (unfolded species) were still present in high abundance at pH 1 (Figures 5.6, 5.10-5.11). 

The similar unfolding and refolding effect was also observed for ubiquitin (Figures 5.7c, 5.12, 5.13) 

in constract to a earlier result that UB assumed native-like spectroscopic spectra down to  1.119 The 

acid-induced compaction effect was also observed using formic acid (Figures 5.14-5.15). Different 

from the cases of HCl and TFA, the dominant charge state for the compacted species was 1~2 higher. 

The small variation in charge state is believed to be related to another phenomenon: gas phase charge 

reduction that involves the ion pairing and the gas phase ion chemistry.135,136 That anion-dependent 

effect will be further discussed in the latter section. It is further noted that due to a lower pKa, the 

concentration of formic acid needed to attain pH 1 was much higher (~55 % v/v), resulting in a fluidic 

condition that was quite different from TFA and HCl. 
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Figure 5.7. Average charge states of a) cytochrome c, b) myoglobin, and c) ubiquitin versus pH obtained in 

HCl (red circle) and TFA (blue square) aqueous solutions. Protein concentration: 10 M. 
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Figure 5.8. High-pressure ESI mass spectra of 10 M cytochrome c in hydrochloric acid aqueous solutions 

with different pH. 
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Figure 5.9. High-pressure ESI mass spectra of 10 M cytochrome c in trifluoroacetic acid aqueous solution 

with different pH. 
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Figure 5.10. High-pressure ESI mass spectra of 10 M myoglobin in hydrochloric acid aqueous solutions 

with different pH. H denotes heme, the solid green circle denotes holo, and the open blue circle denotes 

apo myoglobin. 
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Figure 5.11. High-pressure ESI mass spectra of 10 M myoglobin in trifluoroacetic acid aqueous solution of 

different pH. H denotes heme, the solid green circle denotes holo, and the open blue circle denotes apo 

myoglobin. 
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Figure 5.12. High-pressure ESI mass spectra of 10 M ubiquitin in hydrochloric acid aqueous solution with 

different pH. 
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Figure 5.13. High-pressure ESI mass spectra of 10 M ubiquitin in hydrochloric acid aqueous solution with 

different pH. 
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Figure 5.14. High-pressure ESI mass spectra of 10 M cytochrome c in formic acid aqueous solution with 

different pH. For (d), the solution is titrated to pH 1. The concentration is ~55%. 
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Figure 5.15. High-pressure ESI mass spectra of 10 M myoglobin in formic acid aqueous solution with 

different pH. For (d), the solution is titrated to pH 1. The concentration is ~55%. 
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Effect of salt addition 

Anion was previously believed to be the main factor for protein refolding.117–119 Here, the effect of 

anion concentrations was examined by adding ammonium chloride to the cytochrome c solution with 

the most denaturing pH. NH4Cl was chosen because the formation of salt clusters and the adduction 

to the protein was less compared to other common chloride salts such as NaCl, KCl, and LiCl. Our 

previous results also showed that a high concentration of NaCl produced a high abundance of highly 

charged species for proteins even at pH 7.32,33 The mechanism was yet not understood but that 

phenomenon hinders the use of NaCl in the present study. Figure 5.16a shows the decrease of the 

average charge state of cytochrome c with the concentration of NH4Cl in an HCl solution with pH 2 

(see Figure 5.17 for mass spectra). At the lowest concentration of 1 mM, the 𝑞av was 14, almost equal 

to that without anion addition, though a low abundance of charge state +6 was also observed (Figure 

5.16b). The mass spectra became bimodal with the increase of low-charge state species (Figures 5.16c 

& 5.16d). This result indicates the compaction was taking place when extra anion was added to the 

protein that was already maximally protonated. A difference with the result obtained from the pure 

HCl solution with pH 1 was that the dominant low charge state species was +7 rather than +6. 
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Figure 5.16. a) Average charge states of 10 M cytochrome c versus  concentration of ammonium chloride 

obtained in HCl (pH2) aqueous solution. (b)-(d) Mass spectra of cytochrome c with ammonium chloride 

concentrations of 1 mM (b), 50 mM (c), and 125 mM (d). 
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Figure 5.17. High-pressure ESI mass spectra of cytochrome c at pH 2 in hydrochloric acid solution with 

different concentrations of ammonium chloride concentrations. 
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Effect of organic solvents 

Acidic organic solvent mixtures were also found to exhibit a similar acid-induced refolding trend 

observed in the aqueous solutions. The measurement was performed using cytochrome c in 50 % v/v 

ethanol/water and acetonitrile/water with different pH (Figures 5.18, 5.19, and 5.20). The major 

difference from the aqueous solution was that the highest charge state (fully unfolding state) took place 

at a lower acidity of pH 3, as the organic solvent disrupts the hydrophobic interactions of the native 

protein. As organic solvent mixtures were commonly used in the ESI-MS, the same measurement was 

repeated using the standard atmospheric pressure nanoESI with microcapillary (i.d. 5 μm). The result 

showed a similar trend of protein unfolding with the decreasing of pH from 5 to 2 (Figures 5.21 a-c). 

However, similar to the aqueous solution, the mass spectrum for protein at pH 1 was not well resolved 

(Figure 5.21 d). Interestingly, performing the nanoESI using the same capillary emitter under high 

pressure resolved the peak of the low charge state (Figure 5.22). This demonstrated that the high 

insulation of the working gas and the improved ion desolvation provided by the HP-ESI were important 

for the ionization of protein from highly conductive solutions. 
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Figure 5.18. Mass spectra of 10 μM cytochrome c in 50 % v/v ethanol in hydrochloric acid with different pH. 

Asterisk denotes the peak for the dimer. 
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Figure 5.19. Mass spectra of 10 μM cytochrome c in 50 % v/v acetonitrile in hydrochloric acid with different 

pH. Asterisk denotes the peak for the dimer. 

  



138 

 

 

Figure 5.20. Mass spectra of 10 M cytochrome c in 50 % v/v acetonitrile in TFA with different pH. 
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Figure 5.21. Standard AP μcapillary nanoESI mass spectra of 10 μM cytochrome c in 50 % v/v acetonitrile in 

hydrochloric acid with different pH. The emitter is pulled glass capillary with an inner diameter of 5 μm 

performed under atmospheric pressure. 
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Figure 5.22. High-pressure nanoESI mass spectra of 10 M cytochrome c at pH 1 acquired from pulled 

glass capillary emitter (i.d. 5 m) placed under high pressure (0.5 MPa). Cytochrome c is prepared in 50 % 

v/v acetonitrile in hydrochloric acid with pH 1. 
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Flow rate effect 

It is noted that for highly conductive solutions, the ion signal and CSD showed an anomalous response 

at an ultra-low flow rate when the size of the initial charge droplet was in the order of <30 nm.104,130 

For example, highly charged species of protein could be produced from the ~pH 7 solution when the 

flow rate was tuned to near its minimum value.130 Possible reasons include the heating effect at high 

spray current density and the strong electric field effect. The flow rate effect on the average charge 

state for pH 2 and pH 1 solutions is shown in Figure 5.23. At pH 2, the average charge state was 

insensitive to the flow rate. As for proteins at pH 1, the high charge state rose drastically when the flow 

rate was decreased to < 10 nL/min. This trend was also found in the measurement of cytochrome c in 

1 M ammonium formate at a low spray current.104 We conjectured that the ion species generated at that 

ultra-low flow rate was not reflecting the condition in the solution phase, and the artifact was avoided 

by operating the flow rate at > 20 nL/min for acquiring the mass spectra for this study. Above that flow 

rate threshold, the average charge state was found to be insensitive to the flow rate with a small 

deviation of 0.5 charges. 
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Figure 5.23. Average charge states of 10 M cytochrome c versus a) spray current, b) flow rate, and c) 

radius of initial droplets obtained in hydrochloric acid aqueous solution with pH 1 or 2. The conductivity of 

hydrochloric acid aqueous solution at pH 1 and pH 2 are 5.2 S/m and 0.5 S/m. 
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Release of molten globule to the gas phase 

The acid-induced molten globule should be maximally protonated in the solution,117–119 however, in 

the gas phase, the number of excess charges carried by the “molten globule ions” was much smaller, 

approximately the same value observed for native protein. It is conceivable because, in the solution, 

some of the protonated basic groups on the protein were paired with anions. The dissociation of the 

ion pairs during the ion desolvation or in the gas phase process neutralized the protonated groups and 

produced neutral acid molecules (Figure 5.24). Those weakly bound neutral molecules were usually 

removed from the protein in the design of modern mass spectrometers but could be preserved by 

reducing the energy involved in the ion desolvation and transmission processes.137 To detect those 

neutral, the softness of the present HP-ESI source was increased by changing the default ion transport 

configuration in Figure 5.1 to an indirect one shown in Figure 5.25. The ions/nano droplets generated 

inside the high-pressure chamber were first released to the atmospheric pressure to reduce their 

temperature by adiabatic cooling before the heated ion inlet of MS. With the soft HP-ESI-MS, the 

attachment of TFA (up to 11 molecules) to the compacted species of charge state +5 and +6 of 

cytochrome c (Figure 5.26) was observed. 

 

The observed low charge states corresponding to the gas phase molten globule ions have the following 

features: i) the distribution was narrow, indicating that conformation was homogeneous, ii) the average 

value was approximately equal to but slightly lower than the typical “native charge state”, iii) the 

average charge state in the low charge region obtained from different acids has the following order: 

Formic acid > HCl > TFA. For native proteins, it is generally believed that the ionization route follows 

the charge residue model, and the maximum charge for a globular protein is limited by its 

hydrodynamic radius.60 We believe that is also true for acid-induced molten globule, that is the excess 

charge available to the molten globule should depend on its size. Molten globules were larger than 

native proteins,119,138 therefore, the lower-than-native charge state observed in this study indicated the 

occurrence of charge reduction during the ionization process. An anion-dependent charge reduction 

mechanism has been put forward by Chait et al that also involves the ion pairing and the gas phase 

dissociation process.135 Another study by Gumerov, et al. also showed that even by maintaining the 
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conformation of the protein, the composition of buffer could still alter the CSD of the protein due to 

the formation of protein-base complexes in the solution and the subsequent dissociation in the gas 

phase.136 The charge reduction effect is anion-dependent and that explains the discrepancy in the 

charge state of molten globules in different acids. Finally, it is noted that the effectiveness of protein 

compaction in the solution was also reported to be anion-dependent,118 but it was assumed that the 

subtle difference in the compacted conformation would not cause as much variation in the CSD as the 

effect of gas phase chemistry. Further investigation is needed to understand the impact of a minor 

conformational change on CSD. There exists a strategy to study the effect of pH on protein 

conformation while minimizing the contribution of gas-phase ion chemistry on the CSD by using a 

suitable solvent system.139 Such a methodology will be attempted in the future. 

In summary, the HP-ESI-MS of proteins in low pH acid solutions has revealed the two effects 

of ion pairing of anion and protein. One is the collapse of the unfolded polypeptide chain to a compact 

conformation (as reflected by the drastic CSD shift), and another is the gas phase charge reduction (as 

depicted by the small CSD shift). 
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Figure 5.24. A simplified illustration of neutralization of the originally protonated basic group (Lysine for this 

example) by the dissociation of the ion pair (CF3COO
-
 --- H

+
) from the protein. The dissociation can take 

place during the ion desolvation or in the gas phase. The attachment of the electrically neutral TFA 

molecules (CF3COOH) can be detected by HP-ESI by lowering the energy deposited to the ion/charged 

droplets during the ionization and ion transmission processes. 
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Figure 5.25. Arrangement of a soft high-pressure nanoESI ion source for the detection of neutral acid 

molecules weakly bound to the protein. Instead of connecting the ion source directly to the MS inlet, the 

ion/nanodroplets are first released to the atmospheric pressure to reduce their temperature via adiabatic 

cooling. 
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Figure 5.26. a) Soft HP-ESI Mass spectra of 10 M cytochrome c in TFA aqueous solution of pH 1. b) 

Magnified mass spectrum for charge state +5. The solid circle denotes the adduction of potassium 

originated from the pH probe. The asterisk denotes the adduction of TFA. 
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Conclusion 

The high stability and improved desolvation of HP-ESI have enabled a mass spectrometric study of 

acid-induced compaction of protein at pH 1, a condition that was difficult for conventional atmospheric 

electrospray and nanoESI. The conformational change of protein standards induced by pH was 

manifested by the drastic shift of the dominant charge state to low charge, producing mass spectra 

resembling the condition of a native protein. Each protein also has its unique charge state response to 

the pH. Increasing the concentration of anions at pH 2 using ammonium chloride replicated the 

compaction phenomenon, supporting the role of anions as the main factor for this phenomenon. The 

compaction of protein was also found to take place in acidic organic solvent mixtures containing 50 % 

ethanol or acetonitrile. The dominant and the average charge of the compacted protein show 

dependency on the type of acid that is related to the propensity for the anion to cause compaction and 

charge reduction effect. In sum, the HP-ESI-MS has been demonstrated to be a potential tool for 

probing the acid-induced compaction phenomenon which is critical for our understanding of the 

science behind protein folding. 
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Chapter 6: Fundamental study of AP ESI & the feedback control of ESI 

Summary 

The electrospray under the steady cone-jet mode is highly stable but the operation state can 

shift to other pulsation or multi-jet modes owing to the changes in flow rate, surface tension & and 

electrostatic variables. In Chapter 6, a simple feedback control system is developed using the spray 

current and the apex angle of the Taylor cone to determine the error signal for emitter voltage correction. 

The system is applied to lock the cone-jet mode operation against external perturbations for online and 

offline electrospray. For online electrospray under a regulated flow rate, the apex angle of the Taylor 

cone reduces with increasing voltage, but in contrast, the angle increases with the voltage for offline 

electrospray. A simple algorithm based on iterative learning control is formulated and implemented 

using a personal computer to automatically correct the emitter voltage in response to the error signal. 

For an offline ESI, the feedback control of spray current can also be used to regulate the flow rate to 

any arbitrary value or flow pattern. ESI-MS with feedback control is demonstrated to produce ion 

signal acquisition with long-term stability that is susceptible to emulated external disturbances. 

Introduction 

Electrospray ionization mass spectrometry (ESI-MS) is an indispensable tool for the analysis 

of a wide range of biomolecules such as peptides, proteins, and polymers. Upon the application of a 

high potential to the liquid at the ESI emitter, the strong electrical field cause the emission of charged 

droplets of the sample solution, and the desolvation of droplets generates the gaseous ions of the solute. 

For a given flow rate and HV, the electrospray condition can vary across different spraying regimes, 

i.e. dripping, pulsation/oscillation (in the kHz range), steady cone-jet, and multi-jet modes25. Among 

those regimes, the steady cone-jet mode is usually the preferred operating mode because it is highly 

stable as manifested by the stationary geometry of the liquid cone (Taylor cone) and a near-constant 

spray current. The apex angle of a static Taylor cone without pressure difference across the liquid-air 

interface is 98.611. In practice, the angle was usually smaller and the reasoning has been provided 

using treatment with36, and without space charge effect140. The micro/nano droplets issued from the 
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steady Taylor cone are also monodispersed, i.e. it has a narrow distribution of initial droplet size. There 

also exist semi-empirical models for the cone-jet mode to describe the inter-relationship among the 

spray current, flow rates, droplet size, and other fluidic variables of the liquid24,38. Compared to the 

burst/dripping and the pulsation modes, the cone-jet mode also produces a higher ionization efficiency 

for ESI-MS141. 

The ESI can be operated in online and offline manners. The online operation employs a 

liquid pump such as a syringe pump or LC pump to deliver the solution to the sprayer, usually at a 

constant flow rate. Online operation is widely used in LC-MS and other routine analyses that require 

a constant supply of samples. The cone jet is stable if the supplied flow rate matches the natural 

volumetric emission rate of charged droplets. The stable operation of cone-jet mode depends on the 

applied HV, surface tension, and electrical conductivity. In the offline electrospray, the liquid loaded 

inside the capillary sprayer or liquid reservoir is drawn to the emitter by the electrospray. Unlike the 

online operation where the flow rate is regulated by the pump, the liquid flow rate is controlled solely 

by the high voltage. Offline electrospray has been performed using pulled-glass nanoESI capillary26, 

wet metallic wire or solid needle emitter27,28, solid substrate29, paper30, and pipet tip31. Recently we 

also reported an offline nanoESI using micropipette tips with large i.d. for highly conductive aqueous 

solutions32,33. 

The condition of electrospray will remain unchanged if the flow rate and other fluidic 

variables such as electrical conductivity, surface tension, and the electrostatic conditions, i.e. the 

electrical field on/around the liquid meniscus are constant. However, throughout ESI-MS analysis, 

perturbations such as variation in liquid properties, flow rate, liquid pressure, wetting condition, the 

built-up of charge on the oxide layer of the electrode surface, and the space charge effect can shift the 

operating condition of electrospray. In some cases, the perturbation is intentional. For example, the 

mixing ratio of aqueous/organic eluent is varied in the gradient elution LC-ESI-MS; the temperature 

gradient was employed in the high-temperature capillary ESI-MS54; a change in solution pH to trigger 

the protein denaturation during the time-resolved ESI-MS142; and the distance between the ESI emitter 

and MS inlet was varied to alter the flight time of microdroplets for reaction control101. 

This work is on the automatic correction of the electrospray operation to deal with those 

perturbations. The spray current is a key quality indicator and it is commonly used as the reference in 
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the feedback control of electrospray for the adjustment of emitter voltage. The closed-loop control of 

electrospray can be traced back to the stabilization of current emissions from liquid metal ion sources 

in the 1970s143. A constant spray current operation has been performed on nanoESI-MS analysis using 

PID control144. For gradient elution LC-MS, Smith’s group proposed an automatic adjustment of 

voltage to the pre-determined optimal value based on the feedback from the spray current145. The 

prerequisite is that the spray current-optimal voltage (I-V) characteristic for the spraying solution is 

known in advance. Although the feedback control using spray current is simple to implement, it has 

the limitation of identifying the instantaneous operating state of electrospray in general. For example, 

in a flow rate-regulated electrospray, the spray current will reach a plateau in the I-V curve when 

reaching the steady cone-jet mode. As the current stays nearly constant right after the pulsation and 

before the initialization of multi-jet modes37, it is difficult to derive the error signal to correct the course 

of operation from swaying away from the cone-jet mode. 

Besides spray current, feedback control had also been performed using microscopic images 

of the liquid meniscus and/or the generated plume. It is quite common for the ESI practitioner to adjust 

a suitable voltage based on visual inspection of the electrospray. The automatic adjustment could be 

done with real-time image processing. For instance, an imaging system that combined a strobed and 

continuous illumination was employed to identify the spraying mode of nanoelectrospray146. A 

feedback control system based on the predetermined proper height of the Taylor cone was reported to 

improve the stability of the cone jet147. In another design to improve the constant current operation, an 

additional feedback loop for liquid meniscus control was added to the primary loop for spray current 

control148. 

Here, we develop a simple and robust feedback control system based on the spray current 

and the apex angle of the Taylor cone in order to correct the state of the electrospray while it is still in 

the cone-jet mode. Following the scaling law for the cone-jet mode, the relationship of spray current 

𝐼, flow rate 𝑄 and other physical variables is in the form of24,38 

 
𝐼 = 𝑓 (

𝛾𝐾𝑄

𝜖𝑟
)

1/2

 
(1) 

, where 𝛾 is surface tension, 𝐾 is electrical conductivity, and 𝜖𝑟 is the relative permittivity of the 

liquid, and 𝑓 = 18. Thus, for the electrospray system with an external flow rate regulation, we argue 
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that the spray current ought not to be kept constant by the feedback control as it need to vary with the 

supplied flow rate. The apex angle (𝛽) is hypothesized to be an indicator of state to provide the error 

signal for voltage readjustment. For an offline operation, the liquid movement is driven 

electrostatically and the flow rate can be modulated by the emitter voltage. If other physical variables 

of the liquid remain relatively steady, the flow rate and the apex angle can be modulated and stabilized 

using spray current as the feedback signal. The benefits of feedback control for online and offline ESI-

MS are evaluated under the perturbations of flow rate, surface tension, electrical conductivity, and 

electrode distance. 

Experimental section 

Online & offline ESI sprayer   

The schematic of the ESI-MS system is shown in Figure 6.1. The emitter of the online 

sprayer was fabricated from a straight-cut stainless-steel capillary with 0.15 mm i.d and 0.3 mm o.d 

(Nilaco). A Tee-union was used for the experiment that involved the mixing of two liquids supplied 

from two separate syringe pumps (PHD and PHD ULTRA from Harvard). For a single solution 

operation, the unused port was closed using a PEEK plug. For the offline operation, a fused-silica 

capillary (i.d. 0.150, o.d. 0.375 mm) attached to a microcentrifuge tube was used by default. Offline 

nanoESI using pulled-glass capillary and micropipette tip (i.d. ~ 0.4 mm, Eppendorf) was also 

performed. A platinum or titanium wire was inserted into the emitter to make electrical contact with 

the liquid. The distance between the emitter and counter electrode was ~5 mm for the microliter/min 

flow regime and ~1 mm for the nanoliter/min operation. The HV for the emitter electrode was supplied 

by an HV power supply (Matsusada) in a remote-control mode. 
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Figure 6.1. Schematic of the ESI-MS system with feedback control. An online electrospray is used for the 

illustration. A personal computer (PC) is used to receive readings of spray current from digital multimeters 

(DMM), acquire images from the camera via HDMI-USB converter, and send control commands to the 

programmable DC supply, syringe pumps & MS. 
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Measurement of spray current     

The spray current was measured by sensing the voltage drop across a precision resistor (1.00 

M) on the high-voltage side. Another resistor (50 M) was used to prevent short circuits and for user 

protection. The instantaneous current signal was amplified using a high-impedance instrumental 

amplifier (INA 116, Texas Instrument) and coupled to digital multimeters on the low-voltage side via 

an isolation amplifier (ISO 121, Texas Instrument). Two digital multimeters (Agilent and Keithley) 

were used. One was for the measurement of the average value (DC value), and another was for the 

root mean square value (AC value) of the spray current. The AC reading was not essential for the 

feedback control but was recorded to verify the stability of the spray current. 

Acquisition of optical Image      

The image of the liquid meniscus is acquired using a Zoom lens (Edmund Optics) connected 

to a single-lens reflex digital camera (Canon Kiss 10). The camera is connected to a personal computer 

using an HDMI-USB converter. The orientation of the optical axis is orthogonal to the sprayer-MS 

inlet axis. The image data is acquired and processed using the OpenCV library149 to determine the 

spraying mode and to extract the edge coordinates of the Taylor cone for the computation of the apex 

angle. A back-light LED illumination was used to produce the shadowy image of the liquid meniscus. 

Mass spectrometer       

The MS experiment was conducted using a benchtop Orbitrap mass spectrometer (Exactive, 

Thermo Fisher Scientific). The instrumental settings for the mass spectrometer were as follows: the 

temperature for the ion transport tube was 300 C, the voltages of the inlet capillary and the tube lens 

were 100~120 V, and the skimmer voltage was 20 V. The maximum ion injection time was 50 ms. 

Sample preparation          

The LC-grade ethanol was purchased from Kanto Chemical. Bovine heart cytochrome c was 

purchased from Wako Pure Chemical Industries. ubiquitin, bradykinin, ammonium acetate, ammonium 
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bicarbonate, D2O, and acetic acid were from Sigma Aldrich. Pure water was prepared using Simplicity 

UV (Millipore, Bedford, MA). All the chemicals were used without further purification. 

Computerized control system 

A simple control program was written in C#. The program performed the following functions: 

i) receive the DC and AC values of the spray current from the multimeters, ii) acquire the microscopic 

video images, iii) send controlling command to the programmable DC power supply for the remote 

control of the high voltage power supply, iv) send On/Off and flow rate control command to the syringe 

pumps, v) send Start signal to the mass spectrometer, and vi) execute the control algorithm based on 

the spray current and the optical image. 

Results and Discussion 

Online electrospray with regulated flow rates  

The feedback strategy for an online electrospray was formulated based on the electrical and 

fluidic characteristics shown in Figure 6.2. The solution was water/ethanol 1/1 (v/v) with 0.1% acetic 

acid and the flow rate was 2 L/min. To obtain the spray current-emitter voltage (𝐼-𝑉) curve (Figure 

6.2a), the emitter voltage was gradually ramped up from 2200 to 4400 V and then ramped down to 

2200 V with an increment and decrement of 2 V per step. The residence time for each step was 

approximately 0.2s. Here, the electrospray was scanned across three working modes: pulsation 

(oscillation in kHz frequency), steady cone-jet, and multi-jet, with each mode showing a distinct 

current level. The response of current over a large voltage window was stepwise, i.e. the current 

jumped from one level to another during the transition of mode. Within each mode, the current stayed 

nearly constant against the change in voltage. The hysteresis-like patterns also existed in the transition 

regions for pulsation ⇌ cone-jet and cone-jet ⇌ multi-jet. Within that “hysteresis” region, a given 

voltage could support two electrospray modes depending on the previous condition. Upon reaching 

the cone-jet mode, a change in emitter voltage within the widow of 3320 to 4160V induced only a mild 

change of spray current (110 to 120 nA). The apex angle, however, varied significantly with the emitter 
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voltage. The plots of cone-jet mode spray current (𝐼) and the apex angle (𝛽) versus emitter voltage 

under different solution flow rates are shown, respectively, in Figures 6.2b and 6.2c. If we assign an 

operating point as the middle point of the 𝐼-𝑉 curve (marked by vertical dashed lines), that operating 

point shifts with the change in flow rate. For this emitter, that operating point roughly stayed at the 

apex angle of 80 for all flow rates (horizontal dashed line in Figure 6.2c). Therefore, the shifting of 

the operating point caused by the perturbation of flow rate or other variables can be corrected by using 

the apex angle as the reference. With feedback, it was possible to lock the apex angle to an arbitrary 

value within 70~90 for L/min operation. It should be noted that the feedback cannot extend the 

inherent stability island of the electrospray. Here, the highest flow rate that can sustain a steady cone 

jet was approximately 4L/min. 
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Figure 6.2. (a) Spray current versus emitter voltage relationship acquired by ramping the voltage up and down 

across pulsation, cone-jet, and multi-jet modes. Flow rate: 2 L/min. (b)&(c) The plots of cone-jet mode spray 

current (b) and the apex angle of the liquid cone (c) versus emitter voltage under different flow rates. Solution 

for (a)-(c): water/ethanol 1/1 (v/v) with 0.1% acetic acid. (i) Pulsation, (ii) cone-jet, (iii) multi-jet modes. 
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Image processing and control algorithm   

Feedback control based on apex angle was valid only when the electrospray was under cone-

jet mode. Mode detection is needed to provide the correct control procedures for self-starting and self-

recovery from other spraying modes. Figure 6.3 illustrates the scheme for mode detection and 

computation of the apex angle during the operation of the electrospray. Three scenarios: i) cone-jet, ii) 

pulsation, and iii) multi-jet modes are considered. In the pulsation mode, the liquid meniscus and the 

spray current was oscillating in a kHz frequency range. Using our camera with a 50 fps maximum 

frame rate, the liquid cone appeared to consist of a “blur” apex and a clear rounded base (Figure 6.3a 

ii). To identify the spraying mode, the original shadowy image (Figure 6.3a) was first converted to a 

gray-scale image which was then subjected to thresholding using two slightly different threshold 

values to construct two binary images (labeled as 𝑀1  and 𝑀2 , respectively in 3b). The value of 

threshold 1 was so selected to produce a clear binary image (𝑀1) for cone-jet mode. As for threshold 

2, it was selected so that the blur apex appeared clear in 𝑀2. The edge image (labeled as Edge in 3c) 

was constructed by performing edge detection on 𝑀1. Also shown in 3c is the resultant image of 𝑀1 −

𝑀2. A variable 𝜉 was introduced to describe the difference between 𝑀1 and 𝑀2. It is defined as the 

sum of pixel values of 𝑀1 − 𝑀2. Finally, two straight linear regression lines were constructed using 

least-square fitting for the selected coordinates in the edge image (3d) and the apex angle 𝛽  was 

calculated from their slopes. The coordinates were user-defined and should be selected to avoid the jet 

at the tip of the Taylor cone. The variable 𝛿 is the mean squared error (MSE) which is defined as δ =

1

𝑁
∑ (𝑦𝑛 − 𝑦̂𝑛)2𝑁

𝑛=1 , where 𝑁 is the number of data points, 𝑦𝑛 is the Y-axis coordinate, and 𝑦̂𝑛 is the 

predicted value calculated from the least-square fitting. 𝛿  was small (usually < 1) if the liquid 

meniscus was close to a perfect cone. The spraying mode was determined by comparing the values of 

𝛿 and 𝜉 with user-defined 𝛿max and 𝜉max. The image processing procedure here was minimalist and 

filtering can be added in the case of an optically noisy condition.  
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Figure 6.3. Illustration of the scheme to compute the apex angle and to detect the spraying modes (i-iii). (a) 

Acquisition of original image. (b) Construct images 𝑀1and 𝑀2 using binary thresholding using two slightly 

different threshold values. (c) Detect edge from 𝑀1 and compute 𝜉 which is the sum of pixel values of (𝑀1 −

𝑀2). (d) Construct two linear regression lines from the selected coordinates of edges and compute apex angle 

𝛽 from the slopes and mean squared error 𝛿 of the regression analysis. 
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Since the AC reading of the spray current was also recorded in our system, one may wonder 

if the AC value could be used to detect the pulsation mode without image processing. The pulsation 

mode usually produced a high-frequency component in the spray current and the AC reading was 

adopted in the early development of this work. But occasionally, a highly stable spray current was 

detected without a significant AC component even though the electrospray was obviously in the 

pulsation mode as observed from the camera. The image processing method thus appeared to be more 

reliable for spraying mode detection. 

Iterative learning control (ILC) method150–152 was employed to lock the apex angle of the 

Taylor cone to a target value (𝛽Target), that is, the emitter high voltage was iteratively corrected by the 

following updating law.  

 𝑉𝑖+1 = 𝑉𝑖 + (𝛽Target − 𝛽𝑖)𝐺𝛽 (10) 

The magnitude of the control parameter 𝐺𝛽 was 10 V/ in this study. The overall procedures for self-

starting and the recovery of cone-jet from other modes are summarized in Algorithm 1. The process 

begins by assigning the emitter voltage (𝑉𝑖) with an initial value 𝑉initial (0 V or any adjusted value). 

The measurement of spray current and image acquisition was performed after a delay of ~50 ms. The 

spray was assumed to be established if the spray current (𝐼𝑖) exceeded a minimum value 𝐼min (10 nA 

in this study). If not, an increment of emitter voltage Δ𝑉 (set to 20 V) was executed until the spray 

was established. The apex angle 𝛽𝑖, and values of 𝛿𝑖, and 𝜉𝑖 were then computed. A condition of 

𝛿𝑖 < 𝛿max indicates a cone-jet mode operation, and the correction of emitter voltage was performed 

according to Eq 10. When the electrospray was strayed to the pulsation or multi-jet mode, 𝛿𝑖 became 

larger than 𝛿max. In that case, the condition of 𝜉𝑖 > 𝜉max indicate a pulsation mode and the voltage 

was increased by a step of Δ𝑉, otherwise, it was multi-jet and the voltage was reduced. To prevent a 

dangerous or out-of-bound value for the HV, a maximum value 𝑉max  was imposed on the emitter 

voltage. A finite time lag in obtaining the image and the calculation of the apex angle was ~ 100 ms. 
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Algorithm 1. Pseudocode for the Feedback control procedure   

  

Algorithm 1. Feedback control procedure 

𝑖 ← 0 

𝑉𝑖 ← 𝑉initial 

while running do 

Set HV to 𝑉𝑖 

Delay t ms 

Acquire image and spray current 𝐼𝑖 

if 𝐼𝑖 < 𝐼min then 

𝑉𝑖+1 ← 𝑉𝑖 + ∆𝑉 

goto finally 

end if 

Compute 𝛽𝑖, 𝛿𝑖, and 𝜉𝑖 

if 𝛿𝑖 < 𝛿𝑚𝑎𝑥 then 

𝑉𝑖+1 ← 𝑉𝑖 + (𝛽𝑇𝑎𝑟𝑔𝑒𝑡 − 𝛽𝑖)𝐺𝛽 

goto finally 

end if 

if 𝜉𝑖 > 𝜉max then 

𝑉𝑖+1 ← 𝑉𝑖 + ∆𝑉 

else 

𝑉𝑖+1 ← 𝑉𝑖 − ∆𝑉 

end if 

finally: 

if 𝑉𝑖+1 > 𝑉max then 

𝑉𝑖+1 ← 𝑉max 

end if 

𝑖 ← 𝑖 + 1 

end while 
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Flow rate perturbation    

The feedback control of an online electrospray was first tested under a stepwise increment 

of flow rate (Figure 6.4a) and the emitter voltage was automatically adjusted to stabilize the apex angle 

to the preset 80. The DC component (average value) of the spray current 𝐼DC followed the flow rate 

pattern. The AC component of the spray current 𝐼AC was an indicator for the stability of electrospray, 

it was usually under 1 nA under a steady cone-jet mode. Also shown is the MSE 𝛿 which indicates 

how the liquid meniscus deviates from the ideal cone. Without feedback control (Figure 6.4b), the apex 

angle reduced with the increment of flow rate until a point where the cone-jet turned into 

oscillation/pulsation mode as indicated by the surge of 𝐼AC  and MSE and a drop of 𝐼DC . The 

calculated apex angle in the pulsation mode is not a valid value (NA). 

Figure 6.5 shows the ESI-MS of ubiquitin with and without feedback control under a gradual 

increase in flow rate. The flow rate was programmed to start at a relatively low flow rate of 0.5 L/min 

and increase to 3.4 L/min (Figure 6.5a). Here the apex angle was locked to 80 while the spray current 

increased continuously with the flow rate. Without feedback (blue lines in Figure 6.5b), the transition 

from the cone-jet to pulsation mode took place at ~216 s. Before that transition, there was a fluctuation 

in apex angle indicating an astable state of cone-jet mode while but the spray current (DC) was still at 

the same level of cone-jet mode current. Right after the start of the measurement, the total ion intensity 

of ubiquitin increased slightly with the flow rate and remained relatively constant even with the further 

increase of flow rate. A higher spray current associated with a higher flow rate did not translate into a 

higher ion signal due to the lower ionization efficiency at a higher flow rate. The mass spectra in Figure 

6.5c, further show that the charge state distribution shifted to a lower charge state at a higher flow rate 

for both feedback-controlled and uncontrolled conditions. For the case of uncontrolled electrospray 

(Blue), the total ion signal dropped when the pulsation mode was triggered. 
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Figure 6.4. Feedback control for an online electrospray under the stepwise increment of the liquid flow rate. 

The Figure shows the flow rate, emitter voltage, apex angle, spray current (DC component), spray current (AC 

component), and the mean squared error in estimating the cone geometry. The apex angle is locked at 80. 

(a) With feedback control. (b) Without feedback control (constant voltage). Solution: 0.1 % acetic acid in 

ethanol/water 1/1 v/v. OSC: Oscillation/pulsation mode. 
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Figure 6.5. MS acquisition for ubiquitin (5 M) with and without feedback control under the perturbation of 

flow rate. (a) Flow rate pattern fed to the syringe pump. (b) Emitter voltage, apex angle, spray current, and 

total ion intensity for ubiquitin. Red line: with feedback control. Blue line: without feedback control. (c) Mass 

spectra obtained at different times (5 and 300s). The red line (left): With feedback control. Blue (left): Without 

feedback control. Solvent: 25 % v/v ethanol in water containing 1 mM ammonium bicarbonate. The apex angle 

was locked at 80 in the feedback control. OSC indicates the kHz oscillation mode. 
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Figure 6.6 shows the H-D exchange measurement of bradykinin in which the ratio of D2O 

and H2O was adjusted using the flow rate. The bradykinin (10 M) in H2O/ethanol solution was 

delivered at a constant flow rate of 1.3 L/min. The D2O/ethanol solution was supplied at a varying 

flow rate from 0 to 3.4 L/min. Here the measurement started at an apex angle of 75. Without 

feedback control, the electrospray showed signs of instability after ~ 20 s of analysis. The fluctuations 

in apex angle and spray current indicated the repetitive transition between the cone-jet and pulsation 

modes. The total ion signal for bradykinin reduced with time due to the dilution of the analyte at a 

higher flow rate of D2O/ethanol solution. Nevertheless, the overall ion signal for the electrospray with 

feedback control was stable. Without feedback, a strong ion signal could still be obtained when the 

electrospray was in the quasi-cone jet stage but the ion signal decayed at a higher rate compared to the 

feedback-stabilized ESI. The mass spectra acquired at different H2O and D2O mixing ratios at 5 and 

90 s are shown in Figure 6.6c. The intermediate spectra are shown in Figure 6.7. 
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Figure 6.6. MS analysis of H-D exchange by mixing bradykinin in H2O with D2O solution. Pump 1: bradykinin 

in H2O/ethanol 3/2. Pump 2: D2O/ethanol 3/2. Both contain 0.05 % acetic acid. (a) Flow rates for Pump 1 

(Orange) & pump 2 (Green). (b) Emitter voltage, apex angle, spray current and ion intensity vs time. Red line: 

with feedback control. Blue line: without feedback. (c) Mass spectra acquired at 5 and 90 s with feedback 

control (Red, left) and without (Blue, right) feedback control. OSC: kHz oscillation/pulsation mode. The target 

apex angle is 75. 
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Figure 6.7. Time-resolved mass spectra for the H-D exchange measurement of bradykinin 
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Perturbation of surface tension    

To attain the static condition under the Taylor cone assumption, the voltage 𝑉 to produce 

electrostatic stress that matches the opposite surface tension at any point on the liquid surface is 

proportional to the root of surface tension 𝛾,11 i.e. 

 

 𝑉 ∝ √𝛾.  (11) 

A perturbation of 𝛿𝛾 will destruct the stress balance and shift the cone-jet to the pulsation mode, or 

the multi-jet mode. Figure 6.8 shows the electrospray of solution with varying surface tension was 

performed by mixing two solutions of different ethanol concentrations at varying flow rates. One was 

50 v/v % ethanol and another was 80 % v/v ethanol in water, each containing 5 M ubiquitin, 0.05 % 

acetic acid, and 0.2 mM NaCl. The mixing following the flow rate pattern in Figure 6.8a resulted in a 

final solution with increasing surface tension. It was validated that by using the apex angle as the 

feedback signal, the emitter voltage could adjust itself with the change of surface tension (Figure 6.8b). 

The measurement of the spray current shows an increasing trend due to the increase of electrical 

conductivity and surface tension, agreeing with the established relationship of Eq 1. Without feedback 

control, the angle gradually reduced until ~ 66 before turning into pulsation mode. Compared to the 

cone-jet mode, the pulsation mode generated a larger initial charged droplet resulting in low ionization 

efficiency (see mass spectra in Figures 6.8c and 6.9). If the flow rate pattern is reversed to generate a 

decreasing surface tension, the emitter voltage with feedback control would reduce accordingly, and 

on the other hand, the spray without feedback could turn into a relatively unstable multi-jet mode. 
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Figure 6.8. MS analysis of ubiquitin in a solution of changing surface tension. (a) The mixing of solvents from 

Pump 1 and Pump 2 delivers a total constant flow rate of 1 L/min. Solvents in Pump 1 and Pump 2 are 50 % 

and 80 % ethanol solution, each containing 5 M ubiquitin, 0.05 % acetic acid, and 0.2 mM NaCl. (b) Emitter 

voltage, spray current, apex angle, and ion intensity with and without feedback control. (c) Mass spectra 

obtained at different times. In the feedback-controlled ESI, the apex angle is locked at 80. OSC: kHz 

oscillation/pulsation mode. 
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Figure 6.9. Magnified mass spectra for ubiquitin obtained at different times shown. (a) With feedback control. 

(b) Without feedback control. The MS is acquired under the perturbation of surface tension. 
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Characteristic of offline electrospray      

The experimental condition of the offline ESI-MS was similar to the online version except 

for the replacement of the ESI sprayer with a custom-made offline sprayer (see schematic in Figure 

6.10). The flow rate of the offline ESI was not fixed externally, thus its value varied with the emitter 

voltage. This resulted in a 𝐼 -𝑉  curve (Figure 6.11a) which was quite different from the online 

counterpart. First, the distinct plateau for the cone-jet mode spray current was absent. A similar trend 

was also previously obtained for an offline bipolar electrospray113, and nanoESI from micropipette 

tips33. In the case of online electrospray, the apex angle could increase from ~70 to ~90 by increasing 

the voltage under a given regulated flow rate. For the offline electrospray, however, the trend was in 

the exact opposite direction, that is the apex angle reduced with increasing spray current and voltage 

(Figure 6.11b). In response to this difference, the feedback control parameter 𝐺𝛽 in Eq 10 needs to be 

a negative value. In this study, 𝐺𝛽 was set to −10 V/ for offline, and 10 V/ for online electrospray. 
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Figure 6.10. Schematic of the offline electrospray system. The experimental setup is similar to the online 

electrospray system except for the removal of syringe pumps and the replacement of the electrospray emitter. 



173 

 

 

 

Figure 6.11. (a) Spray current versus emitter voltage relationship for an offline electrospray. Red line: 

increasing emitter voltage. Blue line: decreasing voltage. (b) The plots of apex cone vs spray current. In 

contrast to the online electrospray, the apex angle decreases with the spray current and emitter voltage. 

Solution: water/ethanol 1/1 (v/v) with 0.1 % acetic acid. 

 

  



174 

 

Electrostatic perturbation       

The feedback control of the offline electrospray using the apex angle as the feedback signal 

is shown in Figure 6.12. To demonstrate the stabilization capability, an electrostatic perturbation was 

imposed on the electrospray system by changing the distance between the emitter and the counter 

electrode. Here, the angle was locked to 68. Following the relationship observed in Figure 6.11b, the 

measured spray current was also stabilized to a constant DC level at 130 nA. Figure 6.13 shows that 

the reverse was also true, that is, when the spray current was locked to 120 nA, the apex angle was 

also stabilized to an average value of 72. The locking of spray current was performed by replacing 

the updating Eq 10 with 

 𝑉𝑖+1 = 𝑉𝑖 + (𝐼Target − 𝐼𝑖)𝐺𝐼 
(12) 

, where 𝐺𝐼 is the control parameter (set to 1 V/nA in this study). In the demonstration shown in Figures 

6.12 and 6.13, the measurements were started by optimizing the voltage at the position labeled as (i). 

The electrode distance was reduced by moving the effect towards the counter electrode to a position 

at (ii). Without feedback control, the spray current and the apex angle first increased, but the spray 

became unstable at ii which was approximately 2 mm from the original position. 

In another measurement shown in Figure 6.14, the offline-ESI MS of ubiquitin started at 

position (i) which was ~5 mm from the MS inlet. The electrode distance was increased by moving the 

emitter further away from the MS inlet. The feedback control was performed solely by locking the 

spray current to 110 nA, and the resultant apex angle was naturally stabilized to ~73. The ion signal 

was also well stabilized, producing near-equal total ion intensities at two different positions (Figure 

6.14a). The charge state shifted slightly to a higher charge at a larger emitter-inlet distance (Figure 

6.15). Without feedback, the spray stopped completely when the emitter was moved ~2 mm away from 

the original position (Figure 6.14b). Although the changing of the emitter position is usually 

unnecessary for typical MS applications, the feedback control system becomes beneficial for the search 

for the optimum position. The scanning of electrode distance has been employed for the evaluation of 

the flight time (or evaporation time) of droplets to study their effect on the ionization and in-droplet 

reaction process. Even for an application of fixed electrode distance, Figure 6.16 shows that the “long-

term” ion signal stability was improved by imposing the feedback control (using spray current) to the 
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nanoESI source (homemade pulled-glass capillary). 

 

 

Figure 6.12. a) The feedback control of offline electrospray by locking the apex angle to 68 under the 

changing of electrode distance. b) Without feedback control. The figures show the relative emitter’s positions, 

emitter voltage, apex angle and spray current. Solution: Water/ethanol 1/1 (v/v) with 0.1 % acetic acid. 
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Figure 6.13. a) The feedback control of offline electrospray by locking the spray current to 120 nA. under the 

changing of electrode distance. b) Without feedback control. The figures show the relative emitter’s positions, 

emitter voltage, apex angle and spray current. Solution: water/ethanol 1/1 (v/v) with 0.1 % acetic acid. 
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Figure 6.14. Emitter voltage, apex angle, spray current, and total ion intensity for MS of ubiquitin under 

varying emitter-to-inlet distance. (a) With feedback control. (b) Without feedback control. The distance is 

varied from 5 mm to 7 mm. Solvent: 50 % ethanol aqueous solution containing 1 mM ammonium bicarbonate. 

The spray current is locked at 110 nA (~ 73  apex angle) with feedback control. 
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Figure 6.15. Mass spectra of ubiquitin acquired at different emitter positions with (a) and without (b) feedback 

control. The red i & ii in (a) and the blue i & iii are positions with the same labels. 
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Figure 6.16. NanoESI-MS for cytochrome c with (Red) and without (Blue) feedback control. a) Emitter voltage 

& Spray current. b) Mass spectra acquired at different times. Ion source: homemade pulled glass capillary (o.d. 

~ 20 m, i.d. ~10 m). Sample concentration: 5 M in 50 % ethanol with 1 mM ammonium acetate) 
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Flow rate programming 

An intriguing feature of offline electrospray is that if the electrical conductivity is constant 

and known in advance, the flow rate can be precisely controlled by the emitter voltage using the spray 

current as the flow rate indicator32,33. The scanning of voltage has been applied to acquire the response 

of ionization to nanoflow rate104, and to trigger the oxidation caused by the strong electrical field 

around the Taylor cone at low flow rates130. With feedback control, the spray current and flow rate 

could be programmed to follow an arbitrary pattern. The measurement in Figure 6.17 was performed 

with spray currents locked to the user-defined staircase pattern (100 to 500 nA with a stepwise 

increment of 100 nA). The ionization was performed using a high-pressure nanoESI to handle the pure 

aqueous solution of cytochrome c and ammonium acetate. The electrical conductivity of the liquid was 

0.5 S/m, and the flow rate estimated using the scaling law of electrospray (Eq 1) changed from 4 

nL/min to 100 nL/min. Although nanoESI is well known to have high ionization efficiency, the ion 

intensity is not always higher at a lower flow rate. The total ion intensity originated from cytochrome 

c increased in the same flow rate pattern. This result agreed with our previous observation of 

cytochrome c using a continuous voltage ramping method. Here, a flat response of the ion signal at 

each flow rate indicated that the trend was reproducible and was not due to the transient effect. 
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Figure 6.17. Offline high-pressure nanoESI-MS of cytochrome c in 50 mM ammonium acetate aqueous with 

spray currents that follow the user-defined pattern. (a) Programmed spray current. Labels show the calculated 

flow rates. (b) Total ion intensity of cytochrome c. (c) Mass spectra acquired at the time interval i-iii in (b). 
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Conclusions 

A simple iterative learning feedback control system has been developed for ESI-MS which 

provided an automatic correction to the emitter voltage to ensure the cone-jet mode operation 

throughout the course of the analysis. Spray current and optical image were used to determine the 

spraying mode and for performing the closed-loop control using a simple updating rule to stabilize the 

apex angle or spray current to a user-defined value. The robustness of the feedback system was tested 

using emulated perturbation of flow rate, surface tension, and electrode distance. For an analysis 

involving changes in flow rate, and fluidic or electrostatic conditions, the locking of the Taylor cone 

ensured a steady cone-jet mode operation and overall ion signal stability. For an offline electrospray 

with constant fluidic variables, the locking of the spray current also stabilized the Taylor and the 

solution flow rate. 
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Chapter 7: New variation of AP or HP ESI: bipolar ESI 

Summary 

A bipolar ESI source is developed to generate a simultaneous emission of charged liquid jets 

of opposite polarity from an electrodeless sprayer. The sprayer consists of two emitters the 

electrosprays are initiated by applying a high potential difference (HV) across the counter electrodes 

facing each emitter. The sprayer and the liquid delivery system are made of all insulators without metal 

components, thus enabling the total elimination of electrochemical reactions taking place at the liquid-

electrode interface in the typical electrosprayer. The bipolar electrospray has been implemented using 

an online configuration that uses a syringe pump for flow rate regulation and an offline configuration 

that relies on HV for adjusting the flow rate. The voltage-current and flow rate-current relationships 

of bipolar electrospray were found to be similar to the standard electrospray. The application of bipolar 

ESI to the mass spectrometry of protein, peptide, and metallocene without the electrochemically 

induced oxidation/reduction is demonstrated. 

Introduction 

Electrospray in general refers to the dispersion of liquid by an intense electrical field. In the 

unassisted electrospray, the conductive liquid anchored to the opening tip of an emitter is charged 

above a threshold potential that causes the liquid meniscus to deform and eject charged droplets. 

Depending on the charging potential, the meniscus can oscillate at a frequency related to the capillary 

wave, or attain a near-stationary conic shape with a fine jet emitted from the tip141. The latter is called 

steady cone jet mode. The jet breaks into isolated charged droplets and the shrinkage in droplet size 

due to solvent evaporation results in coulombic fission to generate even finer droplets. To operate an 

electrospray in a sustained manner, it needs to be powered by an external electromotive source, i.e 

applying a high voltage (HV) from a power supply to the metallic emitter. For a nonmetallic emitter 

such as a sharpened fused silica capillary, the electrical contact is on the inserted electrode or the 

metallic union. The flow of current in the electrospray of the solution involves ions, therefore the loop 

of the electrical circuit needs to be closed by electrochemical reactions at the electrode/solution 
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interface. Owing to this reason, Kerbale et al. viewed the ESI source as “an electrolytic cell of a special 

kind”17. Although the presence of electrochemical processes in the electrode interface of electrospray 

is indisputable, there are debates on its importance on ESI18. 

From an electrohydrodynamic point of view, the details of the involving electrochemistry 

are not essential in predicting the physical behavior of electrospray. The relationship between the flow 

rate and spray current and the size of the droplet it produces can be estimated using fundamental 

physical variables such as relative permittivity, density, viscosity, surface tension, and electrical 

conductivity of the liquids. But from a mass spectrometric point of view, the electrochemical reactions 

alter the composition of the electrospray solution and affect the MS results, therefore its effects can 

not be taken lightly. In the positive ion mode, the consequence of the electrochemistry are i) corrosion 

of the electrode that releases the metal ions to the solution, ii) the oxidation of solvent or analytes, and 

iii) the neutralization (oxidation) of the anion of the analyte or buffer salts. The corrosion of electrodes 

can be prevented by the use of inert materials such as platinum but that will instead give rise to other 

reactions such as the oxidations of solvent or analytes19,20. In the negative ion mode, the reduction can 

result in the deposition of metal ions on the electrode21. For an unbuffered solution, there could also 

be a change in pH caused by the inherent electrolytic process of the ESI source19,20. This intrinsic 

electrolytic effect of electrospray has also been exploited for analytical applications such as the 

detection of radical cations M+• of porphyrins22. A combination of external electrochemical cells with 

the ESI source also exists153. 

For the typical ESI-MS however, the oxidation of analytes by the inherent ESI 

electrochemistry or the corona discharge is not desirable as it reduces the detection sensitivity and 

introduces artifacts such as a shift in m/z and the broadening of peaks distribution to the mass 

spectrum76,78,88. There are a few ESI source design which has been employed to avoid interference 

from the electrochemical reaction. One design separated the sample flow steam from the charging 

electrode using a microdialysis membrane tubing junction154. Another approach channeled the liquid 

into two flow streams: an analytical stream flowing to the emitter and a charging stream flowing to the 

waste. The HV electrode was placed at the charging channel and the electrochemical products were 

directed to the waste155,156. Electrically, electrochemical reactions were still involved in those sprayers, 

thus it is worthwhile to evaluate the stability and the performance of electrospray if the electrode 
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reactions are completely removed from the ESI emitter. 

This chapter describes the operation of a bipolar ESI sprayer that is consisted of a pair of 

electrodeless emitters to discharge the positively and negatively charged droplets simultaneously. No 

electrochemical reaction is involved inside the emitter. The strong electrical field was provided by 

applying HV to the plane counter electrode placed at both ends of the emitter. The arrangement is 

electrically identical to the hypothetical bipolar electrospray device proposed by Manuel Martinez-

Sanchez18. Although it is said that the “idea has been around for a long time” 18, the actual 

implementation of such ESI source and its physical and analytical properties has never been reported. 

Despite the difference in naming, the bipolar electrospray also shares a similarity with field-induced 

droplet ionization (FIDI) they both generate a pair of bipolar liquid jets157,158. In FIDI, an isolated 

liquid droplet that was dropped in between two plane electrodes was stretched to generate two liquid 

jets of opposing charge by a pulsed electrical field. Another version of FIDI had also been performed 

on the droplet emerging from the end of a stainless steel capillary159. Using a similar FIDI 

configuration, continuous bipolar jets had also been reported using a DC HV instead of a pulsed HV160. 

The size of the anchored droplet in those experiments was in the order of 1~2 mm. Due to the discharge 

problem, stable cone-jet mode operation was limited to the pure organic solution. 

There is also a group of ESI variants in which the electrode is not in direct contact with the 

liquid. One example is the dielectric barrier electrospray that generates the dielectric polarization to 

initiate the electrospray161. Induced nanoESI by pulsed square wave without physical contact has also 

been used for multiplexed ESI array162. Instead of capillary, a solid ESI probe made of a glass-sealed 

stainless-steel electrode has also been demonstrated163. An electrically equivalent arrangement was 

performed by generating pulsed electrospray from the droplet deposited on an insulating plate backed 

with an electrode164. Similar to the dielectric discharge plasma device, those contactless ion sources 

required an AC or pulsed HV. The spray and the ion are not generated continuously and the polarity is 

in an alternative manner. Owing to the pulsing nature, the operation of non-continuous electrospray 

might be restricted to the pulsation mode, i.e. not being able to attain the steady cone-jet mode. Another 

related issue is the synchronization with the MS instrument. Nevertheless, the capacitively coupled 

ESI was reported to avoid the electrochemical oxidation of peptides and proteins in ESI165. Besides 

capacitive coupling, the charging of electrospray solution without “physical” contact had also been 
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demonstrated using electrical discharge166, primary ions/charged droplets167, and electrostatic 

induction168. The nanoESI powered by triboelectric nanogenerators also exists169. 

It is noted that the term “bipolar ESI” also refers to the one that uses two independent 

electrospray sources to mix the ions/charged droplets of opposite polarity for charge reduction170,171. 

Here, the bipolar electrospray originate from a single liquid supply. Continuous separation of anions 

and cations induced by the electrical field sustains a steady flow of spray current. Part of the experiment 

involving pure aqueous solution was performed under a high-pressure condition, i.e. the pressure of 

the gas/air that surround the emitters and their counter electrodes was higher than the atmospheric 

pressure. The concept of high-pressure ESI (HP-ESI) was previously developed in our laboratory to 

prevent the electrical discharge for the electrospray for high surface tension solutions23,129, high-

temperature ESI53, and the generation of nanoESI from micropipette tip32,33. 

Experimental section 

The online sprayer (Figure 7.1a) used a plastic syringe and a precision syringe pump (PHD 

ULTRA 4400, Harvard Apparatus, Holliston) to deliver the liquid at a constant flow rate. An insulating 

T-union made of polyether ether ketone (PEEK) was used to split the solution into two streams. The 

emitter capillaries, ~2 cm in length, were made from commercial PEEK tubing (i.d. 0.1 mm, o.d. 0.36 

mm). No metal parts were present in the sprayer and the liquid supply line. A high voltage difference 

(HV) was applied between two counter electrodes to generate the bipolar electrospray. Two planar 

counter electrodes were used for the measurements of spray current-voltage and spray current-flow 

rate relationships. For the mass spectrometry (MS) measurement, only one planar electrode was used 

(Figure 7.1) and the ion inlet served as one of the counter electrodes. The planar electrode was applied 

with +HV for positive ion mode, and -HV for negative ion mode. The distance between the emitter 

and the MS inlet was 5 mm. The distance between another emitter capillary and the planar electrode 

was also 5 mm. The mass spectrometer was a benchtop Orbitrap (Exactive Plus) from Thermo Fisher 

Scientific, Bremen, Germany. The voltage of the MS inlet was provided by the internal power source 

board of the MS instrument. When put to run, the voltage was +24.5 V and -25.5 V in the positive and 

negative ion modes, respectively. 

The offline sprayer (Figure 7.1b) was made by fusing two micropipette tips (10 L max) into 
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another larger tip (200 L max) that served as the liquid reservoir. The emitter capillaries were made 

by inserting the PEEK capillary into the 10 L micropipette tips. The liquid flow rate for the offline 

sprayer was controlled by the potential difference applied between the counter electrodes. For pure 

aqueous solutions with large surface tension, the offline sprayer was operated under super-atmospheric 

pressure (~4 bar gauge pressure) using a sealed chamber to prevent electrical discharge. The 

photographs showing the constructed sprayer and the connection to the mass spectrometer are shown 

in Figure 7.2. 
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Bipolar electrospray emitters and MS 

 

 

Figure 7.1. Schematics of the bipolar ESI source. (a) Online configuration. The sample solution is supplied 

from a plastic syringe. (b) Offline configuration. HV is applied to the planar counter electrode. In the positive 

ion mode, the voltage of the MS inlet is 24.5 V relative to the chassis ground. 
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Figure 7.2. a) The connection of the bipolar ESI source to a commercial mass spectrometer. b) Online 

bipolar ESI source made of commercial PEEK T-union, and PEEK tubing. The sample solution is supplied 

from a plastic syringe. b) Offline bipolar ESI source made of micropipette and PEEK capillary. The offline 

bipolar ESI source can also be operated under high pressure for aqueous solutions. 
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Ramping of HV & regulation of spray current 

The potential difference between the counter electrodes was ramped to evaluate the 

relationship between the spray current and voltage of the bipolar electrospray. The ramping of voltage 

from an HV power supply (Matsusada Precision, Tokyo, Japan) was remotely controlled using a PC 

via a programmable DC supply (Agilent). The voltage was ramped up from 5000 to 10000 V and then 

ramped down to 5000 V. The period for this tringle waveform was approximately 80 seconds.  The 

ramping was performed at 5 V/step with a step interval of approximately 0.04 s. The spray current was 

measured by sensing the voltage drop across a 1 M  resistor that was connected to the electrode of 

lower potential. The readings were read and recorded using a multimeter and PC. The flow rate for the 

offline sprayer at a constant spray current was measured by weighing the liquid in the sprayer while 

spraying using an electronic balance (Mettler Toledo). 

Sample preparation 

Cytochrome c (12.2 kDa), myoglobin (17.6 kDa), ubiquitin (8.6 kDa), melittin (2.8 kDa), 

and ferrocene (186 Da) were purchased from Sigma Aldrich. Formic acid, acetic acid, ammonium 

formate, and ammonium acetate were from Kanto Chemical (Tokyo, Japan). All chemicals were used 

without further purification. The electrical conductivity of the solution was measured using a 

conductivity meter (Mettler Toledo). 

Results and Discussion 

Optical inspection 

Figure 7.3 shows the effect of increasing HV between the plane counter electrodes. The 

movies were taken by two long-working distance microscope cameras which were synchronized using 

a master PC. The liquid solution within the electrodeless emitter capillaries could be regarded as a 

conductor (though with relatively high resistance compared with metal). When the HV was applied, 

the electrical field between the plane electrode was not totally uniform, and a high field was 

concentrated at both distal ends of the capillaries. With a sufficient electrical field, two symmetric 
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Taylor cones formed and emitted charge droplets of opposite polarity similar to standard electrospray 

with a metallic emitter (Figure 7.3d). The electrochemical reactions were absent in the sprayer but took 

place at the two counter electrodes where the charged droplets are neutralized. Similar to the typical 

electrospray, the liquid meniscus underwent initial large droplet ejection, high-frequency pulsation, 

steady Taylor cone, and multi-jet formation with the increase of the electrical field. During the initial 

bursting and pulsation stage, the changing of meniscus shape and the emission of the bipolar jets were 

not always in sync. Out-of-phase jetting was also observed. The highly stable bipolar electrospray was 

achieved when steady cone-jet mode (stable Taylor cones) was attained at both emitters. 

It is noted although a continuous bipolar electrospray could also be generated using an 

arrangement similar to FIDI, the Taylor cone formed was relatively large with a cone height of ~2 mm  

(Figure 7.4). Besides the reproducibility and the poor stability, the initialization of the Taylor cone was 

relatively difficult. A failed initialization caused the burst of the large meniscus, followed by a 

significant wetting on plane electrodes and arc discharge. Reducing the size of the liquid delivering 

capillary (e.g. to ~0.2 mm o.d.) was not helpful as it caused a sudden burst of large bipolar jets without 

the formation of stable Taylor cones. 
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Figure 7.3. Initialization and the formation of bipolar electrospray. Column I: Negative ion mode. Column II: 

Positive ion mode. (a) Both are unstable, (b) & (c) Only one mode is stable. (d) Both are stable. (e) Both in 

two-jet mode. Images are extracted from the synchronized movies captured by two microscope cameras. 

The flow rate at each emitter is 2 L/min. 

  



193 

 

 

 

Figure 7.4. Generation of bipolar electrospray using the configuration similar to field-induced droplet 

ionization (FIDI) source. The liquid was supplied via the syringe pump. The solvent here is water containing 

formic acid. It is operated under high-pressure to prevent discharge. 

a) Successful initialization of symmetric bipolar Taylor cone. 

b) Asymmetric Taylor cone.  
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Spray current-voltage relationship 

The spray current-voltage (𝐼-𝑉) relationship was first evaluated for an electrospray at a flow 

rate of 5 L/min generated from a stainless-steel emitter capillary with approximately the same inner 

diameter as the PEEK emitter capillary (Figure 7.5a). To construct the 𝐼-𝑉 curve, the voltage applied 

to the capillary was first ramped up from 1.7 kV to 3.6 kV, and then reduced to 1.7 kV at the same 

increment/decrement rate. As is well known, the 𝐼 -𝑉  curve of an un-assisted, flow rate-regulated 

electrospray exhibits a distinct step response when the electrospray turns from dripping/pulsation to a 

steady cone-jet mode. The value spray current in Figure 7.5 is the average value measured using a 

multimeter at an averaging time of 0.02 s. The high-frequency (kHz) current signal associated with the 

pulsation mode was monitored with an oscilloscope. Within the steady-cone jet mode, the spray current 

𝐼 and solution flow rate 𝑄 are related by the famous scaling law24 

 
𝐼 = 𝑓(𝜖𝑟) (

𝛾𝐾𝑄

𝜖𝑟
)

1/2

 
(1) 

where 𝛾 is the surface tension, 𝐾 is the electrical conductivity, 𝜖𝑟  is the relative permittivity of the 

liquid and 𝑓(𝜖𝑟) is a coefficient that depends on 𝜖𝑟. Under a constant flow rate, the spray current 

stays nearly constant with the increment of high voltage until the emergence of two and multiple jets. 

Figure 7.5b shows the 𝐼-𝑉 curve acquired for the online bipolar electrospray. The total flow 

rate supplied to the T-union was 10 L/min. Before performing the electrospray, the following 

procedures were performed to ensure that the flow was equally split so that the flow rate for each 

emitter 𝑄 is half of the total supplied flow rate, i.e. 5 L/min. First, the sprayer was flushed with a 

known amount of solvent with a flow rate greater than 100 L/min, and the flushed solvent from each 

emitter was collected and weighed. Under the inspection of the microscope, the sprayer was supplied 

with the solution at a flow rate of ~4 L/min for 30 s~1 min without the application of HV to compare 

the sizes of the liquid meniscus formed at each emitter. Electrically, both sprayers were connected in 

series, thus the same spray current flowed through both emitters. The voltage denotes the potential 

difference between the two counter-plane electrodes. The main finding here is that, despite using 

insulating emitters, the overall 𝐼-𝑉 trend is similar to the conventional electrospray. However, the 

bipolar electrospray needed to undergo a quasi-stable stage to fully complete the transition from the 
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pulsation to the steady cone-jet mode for both polarities. During the quasi-stable stage, the 

simultaneous formation of positive and negative Taylor cones was short-lived and one of the liquid 

menisci could turn to pulsation as shown in the drastic drop in the spray current and the optical 

observation in Figures 7.3b and 7.3c. The spray current became highly stable when the steady Taylor 

cones were formed at both emitters. The oscilloscope graphs corresponding to the stage of pulsation, 

quasi-stable, and cone-jet are shown in Figure 7.6. The 𝐼 -𝑉  measurement for the offline bipolar 

electrospray shown in Figure 7.5c exhibited a different trend. Unlike the flow rate-regulated sprayer, 

there was no flow restriction thus the flow rate was free to adjust itself in response to the change in 

voltage. This contributed to the absence of a plateau in spray current, i.e. the spray current continued 

to rise with the increment of voltage even in the steady cone-jet mode. This trend was similar to our 

previous result for a high-pressure offline nanoESI with an inserted platinum electrode33. Another 

measurement using a different solvent (0.1% formic acid in 75% v/v ethanol) is shown in Figure 7.7. 

  



196 

 

 

 

Figure 7.5. Measurement of spray currents versus voltage for 0.1% acetic acid in 75 v/v ethanol using 

different sprayers. (a) Standard electrospray with stainless steel capillary. (b) Online bipolar electrospray with 

PEEK capillary. (c) Offline bipolar electrospray PEEK capillary. For (a) & (b), the flow rate at each emitter is 5 

L/min. i) Dripping & pulsation, ii) quasi-stable, iii) steady cone-jet, iv) multi-jet. 
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Figure 7.6. (a) & (b): Measurement of spray current of the bipolar electrospray in (i) pulsation, (ii) quasi-

stable, and (iii) stable cone jet modes using an oscilloscope. (a) is the magnified waveform of (b). (c) 

Measurement using a multimeter (averaging time: 1/60 s). Solution: 0.1 % acetic acid in 75 % ethanol. 
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Figure 7.7: Measurement of spray currents versus voltage for 0.1% formic acid in 75% v/v ethanol using (a) 

standard electrospray with stainless steel capillary, (b) online bipolar electrospray with PEEK capillary 

(electrodeless), and (c) offline bipolar electrospray. For (a) and (b), the flow rate at each emitter is 2 L/min. 

i) Dripping & pulsation, ii) quasi-stable, iii) steady cone-jet, iv) multi-jet. 
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Spray current-flowrate relationship 

The spray current-flow rate ( 𝐼 - 𝑄 ) relationship was evaluated to verify if the bipolar 

electrospray also followed the same scaling law (Eq 1). Figure 7.8 shows the plots of spray current and 

the solution flow rate for the standard unipolar electrospray using stainless steel capillary (red square), 

online bipolar electrospray (blue circle), and offline bipolar spray (green triangle). For the offline 

bipolar spray, the measurement of the flow rate was performed in situ by placing the sprayer on the 

electronic balance to sense the change in weight during the spraying process (Figure 7.9). Flow rate 

𝑄 denotes the flow rate for each emitter, which is assumed to be half of the regulated or measured 

total flow rate. Three ethanoic solution samples of different surface tension and conductivities were 

used: i) 75 % v/v ethanol with 0.1 % acetic acid (Figure 7.8a), ii) 50 % v/v ethanol with 0.1 % v/v 

acetic acid (Figure 7.8b), and iii) 75 % v/v ethanol with 0.1 % formic acid (Figure 7.8c). Surface 

tension and relative permittivity were taken from the literature172,173. The plots of 𝐼 versus √𝛾𝐾𝑄/𝜖𝑟 

in the inset of each subplot show a good linearity between them. The gradient 𝑚 of the solid line in 

the insets represent the coefficient 𝑓(𝜖𝑟) which is in the range of 12~13 in this experiment, and 𝑐 is 

the y-intercept. The dashed lines were plotted using the values 𝑚 and 𝑐. In sum, the electrical and 

hydrodynamic characteristics of the electrodeless bipolar electrospray follow that of the standard 

unipolar electrospray and were not affected by the absence of electrochemical processes in the emitter. 
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Figure 7.8. The relationship between spray current and flow rate for different solutions. (a) 75 % v/v ethanol 

with 0.1 % acetic acid (𝐾 = 0.78 mS/m, 𝛾 = 24.4 mN/m, 𝜖𝑟 = 38.74). (b) 50 % v/v ethanol with 0.1 % acetic 

acid (𝐾 = 3.32 mS/m,  𝛾 = 29.6 mN/m, 𝜖𝑟 = 53.4. (c) 75 % v/v ethanol with 0.1 % formic acid (𝐾 = 3.36 

mS/m, 𝛾 = 24.4 mN/m, 𝜖𝑟 = 38.7). Flow rate 𝑄 is the flow rate at each emitter. 
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Figure 7.9. Measurement of flow rate for the offline bipolar electrospray using an electronic balance linked 

to a PC. Two microscopes were used to monitor the stability of the Taylor cone at both emitters. The 

recording of the weight of the liquid in the sprayer starts only when both positive and negative sprays are in 

the steady cone jet mode. The flow rate is calculated from the reduction rate of the liquid weight. 
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Protein standards 

The performance of the bipolar electrospray ionization mass spectrometry was evaluated 

using three configurations: online configuration with flow rate controlled by a syringe pump which is 

the default configuration that could be readily constructed using commercial LC consumables and 

easily connected to the AP mass spectrometer (Figure 7.2). The comparison with the standard 

electrospray emitter with a stainless-steel capillary is shown in Figure 7.10. The inner diameter of the 

emitter capillary for both sprayers was the same (0.1 mm) and both were operated in the cone-jet mode. 

In the bipolar ESI, the continuous generation of excess charges onto the Taylor cone surface was purely 

due to the field-induced separation of anion and cation in the solution, while for the standard ESI, the 

emitted charge was replenished by electrochemical reactions. The ion intensities obtained from both 

ESI sources were of the same order of magnitude, indicating their ionization efficiency was 

approximately the same. The bipolar ESI mass spectra of various protein standards: cytochrome c, 

ubiquitin, and myoglobin are shown in Figures 7.11 and 7.12. 

Figure 7.13 shows the measurement of cytochrome c in a pure aqueous solution of 100 mM 

ammonium formate using high-pressure offline bipolar ESI. The high-pressure operation was used for 

the prevention of corona discharge when dealing with a solution of high surface tension23. The 

hyphenation of the high-pressure source to the AP-MS followed the indirect coupling method 

described in our previous report33. In brief, the transmission of ions was via a transport tube of 0.5 mm 

i.d. The electrical conductivity here was ~ 1 S/m, and the electrospray current was ~200 nA. Under 

this condition, the flow rate at each emitter was estimated to be in the order of ~10 nL/min following 

Eq 1. In sum, the bipolar ESI-MS was found to exhibit typical electrospray ionization performance 

when operated in the steady cone-jet mode. 
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Figure 7.10. Mass spectra of 2 M cytochrome c in 2.5 mM ammonium acetate in 1/1 v/v water/acetonitrile 

solution acquired using (a) ESI with stainless steel emitter capillary, and (b) bipolar ESI using electrodeless 

emitter. Flow rate is 1 L/min. Asterisk denotes the peak for the dimer. 
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Figure 7.11. Positive and negative mass spectra acquired using online bipolar ESI for (a) cytochrome c, (b) 

ubiquitin, and (c) myoglobin. Solvent: 2.5 mM ammonium acetate in 1/1 v/v water/ethanol solution. Column 

(i) is for the positive and column (ii) is for the negative ion modes. Sample concentration: 210
-6
 M. For 

Myoblobin, H denotes heme, blue asterisk * denotes holo, red circle denotes apo myoglobin and # sign 

denotes peak due to the adduction of heme to the holomyoglobin. Flow rate for each emitter is 1 L/min. 
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Figure 7.12. Positive and negative mass spectra acquired using online bipolar ESI for proteins in 0.1 % v/v 

formic acid in 1/1 v/v water/ethanol solution. (a) cytochrome c, (b) ubiquitin, and (c) myoglobin. Column (i) is 

for positive and column (ii) is for negative ion mass spectra.  

Sample concentration: 210
-6
 M. 

For Myoblobin, H denotes heme, blue asterisk * denotes holo, and red circle denotes apo myoglobin. 
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Figure 7.13. Mass spectra of cytochrome c (5 M) in 100 mM ammonium formate aqueous solution (pH ~6.5). 

a) Positive ion mode. b) negative ion mode. The ion source is offline bipolar ESI operated under a high-

pressure condition. 
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Melittin 

Melittin, a peptide containing easily oxidizable amide acids such as tryptophan and leucine 

was previously reported to be sensitive to the oxidation caused by the electrochemical reaction taking 

place in the standard ESI165. Here, we adopted their approach of using melittin as the model compound. 

The sample was first tested using the standard ESI under the cone-jet mode with a stainless steel 

capillary (at 1 L/min) 0.1 % formic acid in 50% ethanol solution. The ion peaks associated with 

oxidation ([M+nH+mO]n+), although present, was not significantly stronger when compared to the 

bipolar ESI. The oxidation peak was observed only when the HV was drastically increased to generate 

electrical discharge with a current greater than 1A. Although there was no obvious glowing at the tip 

of the metal capillary, the oxidation was believed to be due to the gaseous reaction with reactive 

products generated from the dark current discharge. The oxidation peaks dropped nearly instantly when 

the spray current was reduced to the normal value (Figure 7.14). 

 

 

 

Figure 7.14. Mass spectra of melittin (2 M) in 0.1 % formic acid in 50% ethanol. (i) Standard ESI with stainless 

steel capillary. (ii) Standard ESI with a much higher voltage to induce an electrical discharge with a current in 

the range of 1~4 A. (iii) Bipolar ESI without electrode. Flow rate ~0.5~1 L/min. 
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As the electrochemical reaction should be more pronounced for a more conductive solution 

under a lower flow rate, another evaluation was performed involving the ESI of melittin in 100 mM 

ammonium acetate aqueous solution under an nL/min flow regime. The measurement was performed 

under a high-pressure condition to avoid the effect of corona or dark current discharge. Figure 7.15a 

shows the result taken using an offline HP-ESI source with platinum wire as the charging electrode. A 

micropipette tip was used as the emitter and sample reservoir. The distance between the distal end of 

the inserted Pt wire to the end of the pipet tip was ~4 mm. The flow rate was in the order of 80 nL/min. 

The intensities of the oxidation species showed an increasing trend with the time reaching a plateau 

after ~20 min of measurement. In terms of the percentage of the oxidized species, it increased to 21 % 

from the initial 6 %. This increasing trend was due to the transport of the oxidation product from the 

electrode to the Taylor cone. The transport could be via a combination of the linear flow stream, 

diffusion, and the stirring effect caused by the circulating flow stream generated inside the Taylor cone. 

The measurement of the same sample taken using high-pressure bipolar ESI is shown in Figure 7.15b. 

The peak of the oxidized species was not completely absent but their low intensities remained constant 

with time. The percentages of the oxidized species were 6 % at the beginning and after 20 min of 

measurement. As the electrode was not present in the bipolar sprayer, the contribution from the 

electrochemistry at the liquid/electrode could be safely eliminated, therefore, the observed oxidized 

species in Figure 7.15b were originally present in the solution or were formed by other causes during 

the transfer of ion to the gas phase and the subsequent transmission to the MS vacuum. 
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Figure 7.15. Mass spectra of melittin (10 M) in 100 mM ammonium acetate aqueous solution using different 

ion sources. (a) High-pressure offline ESI using a platinum electrode. (b) High-pressure offline bipolar-ESI. 

The asterisk * denotes the unoxidized ion. n[O] denotes the oxidized species. Flow rate is ~80 nL/min. 
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Ferrocene 

Figure 7.16 shows the comparison of standard ESI and bipolar ESI for the detection of 

molecular cations from the neutral ferrocene (Cp2Fe). The tested solutions were i) pure acetonitrile, ii) 

0.1 % trifluoracetic acid (TFA), and iii) 1 % formic acid (FA) in acetonitrile. Protonated species were 

not observed even with the use of acidic solutions. Only Cp2Fe+ was detected without fragmentation. 

Overall, the formic acid ACN solution yields the highest intensity for both ESI and bipolar ESI. The 

peak heights for Cp2Fe+ obtained using the standard ESI with metal capillary (Figure 7.16a) were 

approximately 30, 12, and 6 higher than the bipolar ESI with insulating capillaries (Figure 7.16b) 

for pure ACN, TFA, and FA solutions, respectively. Previously, the generation of Cp2Fe+ from ESI was 

attributed to the electrochemical oxidation (electron removal) at the interface of liquid-electrode. The 

result here verified that the electrolytic nature of the standard ESI indeed had a beneficial effect on the 

detection of Cp2Fe+ because the ion signal using the metal capillary was always stronger than the one 

obtained using insulating emitters. However, the result also shows that electrochemistry was not the 

only oxidation route. Since the electrochemistry at the metal/liquid interfaces could not take place in 

the insulating sprayer, the considerable abundance of Cp2Fe+ generated by bipolar ESI must be due to 

other causes. Possible sources of contribution are as follows. i) Native oxidized ferrocenes in the 

sample solution. Although this possibility could not be completely ruled out, the measured sample was 

prepared from the freshly prepared stock solution (yellowish) and we had not observed any color 

change. The color of the ferrocene solution was known to turn blue-green upon oxidation. ii) Redox 

reaction in the electrosprayed droplet solution. The oxidation of ferrocene was known to take place in 

acidic solutions with the presence of oxygen174. A higher ion signal of Cp2Fe+ acquired from solutions 

containing TFA and FA (columns ii & iii in Figure 7.16) appeared to support this possibility. The redox 

reaction might also be enhanced by the high electrical field on the charged droplet175. iii) Gas phase 

oxidation by the electrospray plume. A related finding by Yu. S. Nekrasov et al. detected Cp2Fe+ by 

interacting the ferrocene vapor with the charged acetonitrile droplets from ESI and they proposed that 

the gas phase hydronium ions or a protonated ferrocene acted as an oxidant for the detected ferrocene 

molecular ions176. 
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Figure 7.16. Mass spectra of 10 M ferrocene in different solvents acquired using different ESI sources. (a) 

ESI with stainless steel capillary. (b) Online bipolar ESI. The solvents are pure acetonitrile (ACN) for column i, 

0.1 % trifluoroacetic acid in ACN for column ii, and 1% formic acid in ACN for column iii. Flow rate for each 

emitter is 5 L/min. Asterisk denotes the peak for Cp2Fe
+
. 
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Conclusions 

The characteristics of the electrodeless bipolar electrospray are summarized as follows. i) 

Similar to the standard electrospray, bipolar electrospray also exhibited dripping, kHz pulsation, steady 

cone-jet, and multi-jet modes with increasing voltage. ii) A higher voltage was needed to complete the 

full transition from pulsation to cone-jet mode at both emitters. iii) Except for a wider quasi-stable 

stage, the 𝐼 -𝑉  and 𝐼 -𝑄  relationships for bipolar ES are the same as the standard ES. iv) Offline 

operation had a different 𝐼-𝑉 from the online operation but they followed the same scaling law for 𝐼-

𝑄 . In conclusion, despite the absence of electrochemical reactions in the sprayer, the bipolar 

electrospray generated solely by the electrical field-induced ion separation was found to be stable in 

the steady cone-jet mode, attaining the ionization efficiency equivalent to a standard ESI. The 

electrodeless operation on the sprayer side eliminates the interferences originating from the 

electrochemical reactions such as the oxidation of analyte, solvent, and electrode in conventional ESI-

MS. Potential applications include the analysis of compounds that are sensitive to the 

oxidation/reduction reaction and the comparative study of the electrolytic effect in the standard 

electrospray. 
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Chapter 8: New variation of near AP ESI for higher ion transmission: 

inlet tube ESI 

Summary 

In Chpater 8, endeavor was made to investigate the electrospray ionization inside the narrow 

channel of the ion inlet tube. An insulating emitter capillary made of fused silica with 0.2 mm outer 

diameter was inserted into the ion inlet tubes with 0.5 & 0.6 mm inner diameter to aspirate all the 

charged droplets. A custom-made ion inlet tube with two side holes near its entrance is used to observe 

the spraying condition. Spray current is measured and monitored during the MS acquisition using 

isolation amplifiers. Because the emitter is cylindrically surrounded in close proximity by the metallic 

inner wall, it is difficult to obtain a stable and symmetric Taylor cone with its apex at the center of the 

emitter. Instead, a stable operation under a flow rate of 1- 4 L/min is found to be in the form of multi-

cone-jet mode with two or more Taylor cones anchoring around the rim of the emitter. The emitted 

charged droplet jets are dragged from hitting the wall by the fast-flowing air inside the inlet tube. 

Comparison with the typical cone-jet and multi-jet mode operated several millimeters outside the inlet 

capillary shows signal enhancements for protein standards. 

Introduction 

The simplest electrospray electrode configuration is the needle-to-plane geometry where the 

potential field can be easily approximated by assuming a Taylor cone formed at the apex of a 

paraboloid177, or a hyperboloid178. A perfect hydrostatic and electrostatic Taylor cone has an apex angle 

of 98.611. In practice, the cone angle decreases with the increase of the solution flow rate36. The 

rigorous theoretical treatment for the electrospray is yet available but the spray current and precursor 

droplets size can be estimated with good accuracy using existing scaling laws24. Upon the reach of 

cone-jet mode, further increase of emitter voltage turns the spray into two or multi-jet mode25, a 

phenomenon recorded as early as 1915 by Zeleny179. Multiplexing the electrospray from a single liquid 

supply line reduces the size of the precursor charged droplets because the main flow rate is shared by 
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multiple jets180. However, the naturally occurring multi-jet mode is not as stable as the cone-jet mode, 

thus, not extensively utilized in industrial and analytical applications181. To stabilize the positions of 

the multi-jet, grooves or other microstructure are made on the emitter capillary to provide anchoring 

points for the liquid and the field enhancement182,183. High-density multi-jets had also be reported from 

thin disk184, and insulating nozzle185. Multiplexed electrospray has also been performed using a multi-

emitter system, in which each sprayer is operated at the cone-jet mode. Multi-emitter sprayers have 

been used in electrospinning, thin film deposition186, as well as mass spectrometry. Ion signal 

enhancement has been reported using an ESI source that employs microchip-based multi-nozzles187, 

linear and radial arrays of fused silica capillary188,189, and multi-nozzles made on a single fiber190. 

Operation of nanoESI arrays with sheath gas assistance under the sub-ambient pressure is also reported 

to improve the ion transmission191. 

In addition to the “pure electrospray” where the formation of the jet is driven solely by 

electrical means, there exist variations of sprayers to assist the stable spraying of liquids. The widely 

used ESI sprayer, pneumatic-assisted ESI sources employs a nebulizer design, in which emitter 

capillary is placed at the center of another coaxial gas flowing tube192. Stability for high flow operation 

is improved by separating the charging and the jet formation processes. Besides assisting the 

nebulization, the gas flow prevents the undesirable spreading of liquid on the outer surface of the 

emitter tip, thus also found use in the microflow system. The standard operating pressure of ESI is 1 

atm but has been expanded to greater than the atmospheric pressure for aqueous solutions and high-

temperature operation23,53,193, and sub-ambient condition for the enhancement of ion transmission194. 

Ultra-high vacuum operation of electrospray also exists for the generation of cluster beam for SIMS195. 

Notable ion interfaces are an orifice plate with counter-flow curtain gas, simple conic 

skimmer, glass ion transport capillary, and heated ion inlet tube196. The ion inlet tube design, initially 

used by Chait197, later adopted in some commercial instruments, uses a heated metallic tube of ~0.5 

mm i.d. for the desolvation of ions and the prevention of solvent clustering when they enter the first 

vacuum stage. The viscous laminar flow is important to transmit the ions and micro charged droplets 

through the narrow and long tube with high transmission198,199. Unlike the high-vacuum ion optics 

system, the fluidic consideration is important for designing an atmospheric ion sampling system as the 

gas drag can be strong enough to move the ions/charged droplets across the electrical potential 
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barrier55,171. Hydrodynamically optimized inlet with a funnel shape has also been used to prevent the 

occurrence of turbulence at the ion sampling entrance200,201. By placing the nanoESI close enough to 

the sampling aperture, it is possible to aspirate all ions/charged droplets into the vacuum for “total 

solvent consumption”202. McEwen and coworkers went even further by introducing the liquid sample 

directly inside the heated inlet tube using a fused silica tube203. The application of voltage to the liquid 

via the metallic union was reported to improve the detection of peptides and produce ESI-like mass 

spectra204. They named the method ESI-inlet (ESII) but noted the difference with the standard ESI that 

there was no spray onset threshold, and the electrical field was only to provide charge separation, and 

droplets formation is due to the fast-flowing hot gas through the heated MS inlet tube204. Quantitative 

analysis without LC was also reported using ESII-MS/MS205. Direct visual probing of the spraying 

condition was hindered by the fact it was placed inside a closed metallic tubing. 

The main purpose of this chapter is to investigate if the commonly known electrospray mode 

can be stably operated inside the narrow channel of the MS ion inlet tube. The tested sprayer emitter 

is of a typical outer diameter of 0.2 mm which is placed within the inlet tube of 0.5~0.6 mm inner 

diameter with only 0.15~0.2 mm insulating gap. A specially fabricated inlet tube with two side holes, 

previously designed for an ESI-based string sampling system206, is used to probe the electrospray mode 

under such conditions.    

Experimental section 

ESI emitter 

The schematic of the ESI emitter used in this study is shown in Figure 8.1. Fused silica 

capillaries with polyimide coating (0.1mm i.d. and 0.2mm o.d. from Thermo Fisher Scientific, Tokyo, 

Japan) cut to ~30 mm were used as the default ESI emitter capillary. Stainless steel capillary (with 

0.1mm i.d. and 0.2mm o.d. from Nilaco, Tokyo, Japan) was used for comparison but it was prone to 

electrical discharge and current leak. Two ion inlet tubes were used. One is the original heated inlet 

tube with a ~0.6 mm inner diameter. Another was a custom inlet tube made from a commercial straight-

cut stainless-steel tube with 0.5 mm inner diameter. Two side holes (0.5 mm dia, 2 mm from the 

entrance) were fabricated along the axis orthogonal to the central axis of the ion path. The flowrates 
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of air aspirated from the atmospheric pressure into the vacuum (measured using mass flow meter) were 

1.5 L/min and 1.0 L/min, respectively for the original and custom-made inlet tubes. The linear 

velocities of the gas flow in between the inlet and the capillary were estimated to be approximately 

120 m/s for the original and 100 m/s for the custom-made inlet tubes. As in the pneumatically-assisted 

ESI, the fast-flowing gas was important in stabilizing the spray and the prevention of arcing. The fused 

silica capillary was connected to a metallic union using a polychlorotrifluoroethylene ferrule (Kel-F, 

i.d. 0.2 mm, Thermo Fisher Scientific). The emitter capillary was further protected by a sleeve tube 

(Fluorinated ethylene propylene, with 0.3 mm i.d. and 1.6 mm o.d. from GL Science, Tokyo, Japan) to 

prevent the vibration caused by the electrostatic force, airflow, and the propulsion of multi-jet 

electrospray. The protruded length of the fused silica capillary from the sleeve tube was approximately 

6 mm. The fused silica tube was aligned to be at the center and coaxially with the inlet tube of a mass 

spectrometer using a precision 3-axis stage. An effort was made to ensure that the position of the fused 

silica tube could be flexibly adjusted relative to the inlet entrance without touching its inner surface. 

High voltage (HV) was applied to the zero dead-volume metallic union linking the tubing from an 

infusion pump to the fused silica capillary (ESI emitter). The DC high voltage was tuned from 0.6-3.0 

kV. A syringe pump (PHD 4400, Harvard Apparatus, MA) was used for solution infusion and the flow 

rate was adjusted from 1- 4 μL /min. 
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Figure 8.1. Schematic of the electrospray ion source. Inset shows the custom-made ion inlet used for the 

visualization of electrospray inside the ion inlet tube. OSC: oscilloscope. DMM: Digital multimeter. 
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Spray current & optical visualization 

The spray current was measured by sensing the voltage drop across a 2 k resistor connected 

in series with the metallic union using a custom-made isolation amplifier (ISO 121BG, Texas 

Instrument). The signal was coupled to the multimeter (Agilent 34461A) and oscilloscope (Agilent 

DSO-X 2014A). The current measurement was calibrated using a pico-ammeter (Keithley). A long-

distance microscope (Infinity photo-optical) connected to a single-lens reflex camera (Canon EOS) 

was used to inspect the spraying condition. The routine inspection was performed using white-light 

LED. For laser illumination, the beam of a green laser (Nd:YAG, 2nd harmonics, 532 nm wavelength) 

was maneuvered to pass through the side holes. A razor blade was used to block the main beam in front 

of the microscope to capture the scattered light from the electrospray jet (Figure 8.2). 

Mass spectrometry 

The experiment was conducted using a benchtop Orbitrap mass spectrometer (Exactive, 

Thermo Fisher Scientific, Bremen, Germany). The original ESI source was removed and the interlock 

was overridden. Full-scan positive ion spectra were acquired and processed by the default software 

(Xcalibur). The mass spectra were constructed from the average of 6 single scan mass spectra acquired 

over ~6 s. The instrumental settings for the mass spectrometer were as follows: the temperature for the 

ion transport tube: 300 C, the inlet capillary voltage was 140 V, the tube lens voltage was 130 V, and 

the skimmer voltage was 20 V. The maximum ion injection time was 50 ms. The pressure in the fore 

vacuum was 1.14 mbar. 

Sample preparation 

The LC grade methanol was purchased from Kanto Chemical. Bovine heart cytochrome c 

was purchased from Wako Pure Chemical Industries, Ltd. . Pure water was prepared using Simplicity 

UV (Millipore, Bedford, MA). All the chemicals were used without further purification. The Bovine 

heart cytochrome c was directly dissolved into a storage solution of 2.5×10-3 M by pure water and then 

diluted to 2.5×10-7 M, and 5×10-9 M in methanol aqueous solution. Formic acid was used for the 
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acidified solutions. 

 

 

 

Figure 8.2. Schematics of the optical configuration for the visualization of the electrospray inside the ion 

inlet tube through the side holes. (a) Laser illumination. (b) White-light LED. 
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Results and Discussion 

Under the typical needle-to-plane electrode configuration, the electrical field concentrates at 

the center of the tip of the emitter when the conductive liquid emerges from the emitter capillary. The 

net force acting on the emitter is at a direction parallel to the central axis of the emitter capillary. In the 

present experiment, an emitter capillary (fused silica) of 0.2 mm o.d. was inside the ion inlet tube with 

a gap of approximately 0.15 mm. When filled with conductive liquid applied at high potential, the 

electrical field was strongest at the rim of the opening of the capillary. Owing to the electrostatic force 

and the recoil from the ejected charged droplets, the force acting at the rim of the capillary had 

components that were perpendicular to the capillary axis. The use of a ~3 cm emitter capillary resulted 

in a vigorous vibration even if the capillary was precisely aligned to the center of the inlet tube. The 

vibration caused ion instability and short-circuit of the HV supply when the emitter tip touched the 

metallic inner wall. The capillary vibration also took place outside the inlet tube when the multi-jet 

mode was initiated. We found that the emitter capillary vibration could be effectively prevented or 

damped to a negligible level by adding a sleeve tube to the emitter capillary and keeping the unsleeved 

portion to a length of less than 10 mm. 

Similar to ESI-inlet, the use of insulating emitter capillary such as fused silica tube was 

essential for the proper operation of ESI inside or at a distance less than 1 mm from the ion inlet. The 

reason was twofold. First, the liquid line needed to be electrically insulated from the metal surface to 

prevent the “short circuit”. Second, the insulating emitter prevented the arcing from the emitter itself, 

thus allowing the application of higher voltage to the liquid. A switch to a standard stainless-steel 

emitter caused the electrical discharge when the distance between the electrodes was less than 1 mm 

even with careful tuning of HV. A photo showing the filamentary discharge from the metallic emitter 

is shown in Figure 8.3. Nevertheless, a much higher HV could still cause the electrical discharge from 

the liquid surface particularly when dealing with high surface tension samples such as pure water. Thus, 

similar to the normal electrospray, the use of organic solvent was necessary for this work to initiate a 

stable spray. 
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Figure 8.3. The occurring of filamentary discharge when the ESI capillary made of stainless steel is brought 

close to the ion inlet. The H.V. applied to the stainless-steel capillary is 1.5 kV. The distance between the 

capillary and the ion inlet is approximately 0.8 mm. 
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A custom-made inlet tube with two side holes of 0.5 mm was used to inspect the electrospray 

inside the inlet tube. The pressure in the region under inspection was slightly lower than the 

atmospheric pressure. The liquid was aspirated even without the application of voltage. Unlike the 

normal electrospray, we found that it was difficult to generate a symmetric cone-jet mode with its apex 

located at the center of the emitter. At the lowest HV for observing ion signal, the electrospray was in 

the pulsation mode with kHz oscillation in spray current. A stable mode under a flow rate of 1~4 

L/min was in the form of a multi-jet with two or more Taylor cones anchoring around the rim of the 

emitter capillary. Four Taylor cones can be seen in Figure 8.4a. As the emitter capillary was inserted 

further into the lower pressure region, the direction of the electrospray jets was dragged towards a 

direction parallel to the central axis of the inlet tube (Figure 8.4b, three Taylor cones), an effect due to 

Stoke’s drag force induced by the fast-moving air. The observation of the emitted jet inside the inlet 

tube using a laser (532 nm) illumination for the spraying of 25 % methanol without acid is shown in 

Figure 8.4c. The Taylor cones in Figure 8.4c are too small to be identified but there are at least 5 

emitting jets. The introduction of side holes for visualization inevitably affects the pattern of the 

airflow and the radial symmetricity of the electrical field. The absence of jets emanating towards the 

camera in Figure 8.4c may be due to the weaker electrical field in this direction. The pressure in the 

region under inspection should be lower and the air velocity should be higher for the actual condition 

without the side holes. The airflow from the side holes can be stopped using transparent components 

but it is not available in the present study. For comparison, we have fabricated another ion inlet tube 

with smaller side holes (0.3 mm in diameter). Similar observations were obtained but the direction of 

the jets appeared to be relatively parallel to the central axis compared to the one with 0.5 mm side 

holes (Figure 8.5).  

Another microscopic observation was made using the original ion inlet tube. The flow rate of 

gas aspirated into the vacuum using this inlet tube was approximately 1.5 L/min. The electrospray was 

first operated at the multi-jet mode (6 jets) at a distance of 2 mm from the inlet and jets and the plume 

could be seen to be dragged towards the inlet (Figure 8.4d). As the emitter got closer to the inlet, the 

number of the jets increased to 8 due to the higher electrical field, and their direction became more 

parallel to the inlet axis (Figure 8.4e, 8.4f). The linear air velocity inside the tube was estimated to be 

greater than 100 m/s and the drag force was larger than that outside the inlet tube. Although the actual 
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spraying condition inside the inlet tube could not be visually probed directly, it should resemble those 

of Figures 8.4b and 8.4f, but with more parallel jets because the drag force was larger due to the higher 

linear velocity of air.  

In the present work, the highest number of the observable jet is 4~5 jets for the acidic solution 

(conductivity = 9 mS/m) and 8~9 jets for the non-acidic solution (conductivity = 0.3 mS/m). Surface 

tension, electrical conductivity, permittivity, viscosity, solution flowrate, and space charge effect are 

known to influence the condition electrospray. A rigorous theoretical model for predicting the 

maximum number of jets for the multi-jet mode is not well established, but it should be related to the 

minimum flow rate that can be sustained by each jet. The number of jets in multi-jet mode generally 

increases with the applied voltage, but in practice, the maximum voltage is limited by the occurrence 

of discharge. The solution with high electrical conductivity is known to sustain high current discharge, 

whereas the less conductive solution is a current limiting resistor. In this work, the highest applicable 

voltage which was limited by the discharge was usually found to be lower than the less conductive 

solution, which may explain the observed smaller number of the jet in Figures 8.4a and 8.4b. 
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Figure 8.4. Microscopic inspection of Electrospray. (a) & (b) Images taken using the custom-made inlet tube 

with side holes with the emitter capillary at different positions. Spraying solution: 50 % v/v Ethanol in water 

with formic acid. (c) Image taken using laser illumination. Spraying solution: 25 % Methanol in water. The 

dashed line indicates the side hole. (d)-(f) Images taken using the original inlet tube with different distances 

between ESI Emitter and inlet entrance. (d) 1.00 mm, (e) 0.50 mm, (f) 0.25 mm. 
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Figure 8.5. Observation of Taylor cone formed at the rim of the fused-silica capillary inside the ion inlet tube 

using side-holes of different sizes. a) Side holes diameter = 0.5 mm. b) Side holes diameter = 0.3 mm. 
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In addition to optical inspection, the spray current could be used to indicate the spraying 

mode inside the ion inlet tube. The spray current was measured by sensing the voltage drop across a 2 

k resistor placed in between the HV source and the metallic union. The use of an isolation 

amplification circuit allowed us to monitor the instantaneous spray current to determine the spraying 

mode and to ensure the spray stability during the MS acquisition. For all measurements in Figure 8.6, 

the HV was raised slowly to the highest value that the spray remained stable. Above that point, there 

was an erratic rise of instantaneous current up to several microamps, indicating a discharge taking 

place. Figure 8.6a shows the spray current measured for the emitter capillary placed just outside the 

inlet tube. The distance from the inlet entrance was 0.1 mm, and the measurement was performed with 

the microscopic inspection. The solution was 50% v/v methanol aqueous solution with 0.025% formic 

acid, and the flow rate was 1 L/min. The stepwise increase of the spray current in Figure 8.6a was 

due to the change of electrospray mode from pulsation, cone-jet, two-jet, and multi-jet. Figure 8.6b 

shows the measurement performed at 1 mm inside the ion inlet. For a particular voltage, the electrical 

field and the spray current inside the inlet tube were higher than that outside the inlet tube (Figure 

8.6a). Figures 8.6c and 8.6d show similar current measurements using the 25% v/v methanol aqueous 

solution without acid. The current reading that corresponded to the onset of multi-jet is at 

approximately 200 nA for acidic solution in Figure 8.6a and 20 nA for non-acidic solution in Figure 

8.6c. These current levels provide a reference to the operating mode inside the tube. The same 

measurement performed with the emitter inside the ion inlet tube showed lower threshold voltages for 

the initialization of spray and multi-jet mode (Figure 8.6b & 8.6d). The increase of spray current with 

the voltage due to the increase in the number of jets is well documented for multi-emitter sprayers, as 

well as for the multi-jet mode of a single emitter182,185,187,190. For conductive solutions, the electrospray 

current follows the scaling law 𝐼 ∝ √𝑄, where 𝑄 is the solution flow rate24. If the flow rate is evenly 

divided by 𝑛 individual jets, the total spray current 𝐼𝑛 of multi-jets follows 𝐼𝑛 ∝ √𝑛 for typical ESI 

solvents187,190. In Figures 8.6a and 8.6c, the current jump by a factor of approximately √2 when the 

single jet turns into two jets agrees reasonably with the scaling law.  

  



227 

 

 

 

Figure 8.6. Plot of spray current versus the potential applied to the metallic union for (a & c) emitter positioned 

at 0.1 mm outside the ion inlet entrance, and (b & d) emitter positioned at 1 mm inside the ion inlet. Spray 

solutions are (a & b) 50 % methanol with 0.025 % v/v formic acid, and (c &d ) 25% v/v methanol/water solution. 
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Figure 8.7a shows the change of spray current for the emitter capillary at different positions. 

The entrance of the inlet tube is assigned as the origin (0.0 mm). The sign is positive for the emitter 

inside the inlet tube and negative when for the position outside the inlet tube. The applied voltage was 

at a constant voltage of 1.4 kV. Under a constant emitter potential, the increase of spray current when 

it is brought closer to the inlet was due to the increase of the electrical field. The sprays outside the 

tube at -0.5 mm and -1.0 mm were in cone-jet modes. The transition to the multi-jet mode took place 

near the entrance, and the current increased to 650 nA at the 0.5 mm position. The spray current 

remained relatively unchanged after this point because the electrical field at the emitter tip is the same 

at any distance inside the ion inlet tube. Another measurement was made using a 25 %v/v methanol 

without acid (Figure 8.7b). The multi-jet mode was first initiated outside the inlet at -1 mm by applying 

3 kV to the metallic union. The flow rate was 2.5 L/min. A similar trend was observed but overall the 

current level was smaller. Here the emitter was aligned to the center and in parallel to the inlet axis, 

therefore the electrical field was the same at all distances inside the inlet tube. The spray current was 

found the be stabilized more easily inside the tube probably due to the fast-flowing gas that kept the 

outer surface of the fused capillary dry and carried away the charged droplet more quickly to reduce 

the space charge effect. 

Figure 8.8 shows the change of total ion signal originated from 2.510−7 M cytochrome c in 

25 % v/v methanol solution. The trend agrees with the spray current seen in Figure 8.6. Near and at 

the entrance, (position −0.5 mm and 0 mm), the fluctuation of ion signal was relatively large, an effect 

that might be associated with turbulence at the entrance of the inlet tube. The total ion current from 

cytochrome c reached a plateau when the emitter was at the position of 0.5 mm inside the inlet tube. 

Besides intensity, signal stability also improved owing to higher gas velocity and the reach of stable 

laminar flow. The increase of total ion current when the emitter was inside the ion inlet also implied 

an increase in ion transmission efficiency. Despite careful alignment, the orientation of the emitter 

capillary was not perfectly coaxial with the ion inlet tube. The initial position of the capillary was at 

the center of the entrance of the ion inlet. When the capillary was inserted deeper into the tube, the 

emitter tip could deviate from the center. The drop of ion abundance after 0.5 mm was caused by the      

deviation of the emitter from the central axis. The deviation was however less than 0.1 mm. 
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Figure 8.7. Plot of spray current versus emitter position for (a) 50 % v/v methanol with 0.025% v/v formic acid, 

and (b) 25 % v/v methanol without acid. The emitter potentials are 1.5 kV for (a) and 3kV for (b). The entrance 

of the inlet tube is assigned as the origin. The sign was positive when the emitter capillary is inside the inlet 

tube and negative when it is outside. 
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Figure 8.8. Total ion count for 2.5×10−7
 M cytochrome c acquired at different emitter positions. Insets show 

the positioning of the emitter and the mass spectrum taken at position 1 mm. 
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The detections of cytochrome c from diluted solution with a concentration of 510−9 M are 

shown in Figure 8.9. Comparisons were made with the typical electrospray position at −2.0 mm outside 

the inlet and at 1.0 mm inside the inlet. Peaks originated from cytochrome c are labeled with red 

diamonds. Two types of solvents were used. One was a 50 % v/v methanol aqueous solution with 

0.025% formic acid (Figures 8.9a & 8.9b, HV ~1.5 kV); another was 25 % v/v methanol aqueous 

solution (Figures 8.9c & 8.9d, HV ~ 3kV). At the position of –2 mm, the electrospray is in the single 

con-jet mode, and at +1.0 mm, it is in the multi-jet mode. Peaks related to the polyethylene glycol 

(PEG) contaminants with m/z 44 spacing) are present in Figures 8.9c and 8.9d. Those PEGs were not 

added intentionally and were detected only when dealing with samples of low concentration. Peaks 

from cytochrome c could be detected under the conditions in Figure 8.9a-8.9c, but not in Figure 8.9d. 

Following the scaling law,207 the size of the precursor charged droplet for the solution without acid 

(Figure 8.9d) is larger than the one with acid (Figure 8.9b). For the same solution, the size of the 

precursor droplets is reduced by the formation of multiple jets when the emitter was inserted inside the 

inlet tube (Figure 8.9c). Since the average size of the precursor droplet is the largest in Figure 8.9d, 

the ion suppression effect, which is known to be more severe for larger droplets43, was also a factor in 

addition to the ion transmission loss. 

In sum, the sensitivity and the signal-to-noise ratio were improved by operating the ESI 

inside the tube, i.e. utilizing the multi-jet mode and, introducing all sprayed droplets into the vacuum. 

The improved ion transmission was in agreement with the results of ESII. It is noted that for ESII, 

Pagnotti et al reported an improved sensitivity when the fused silica emitter was touching the inlet tube 

walls or nearly touching rather than at the center position. Sweet spots were also observed in their 

work. That phenomenon is intriguing and one may wonder how could the electrospray be generated 

when the electrical circuit is “shorted” by touching the wall. However, if the surface temperature is 

high enough, the Leidenfrost effect can produce an insulating vapor layer which may explain the non-

shorting condition. In our case, the surface temperature near the inlet entrance was relatively mild, (< 

100 C). When the emitter touched the wall, the electrospray stopped a greater than 1 A current 

flowed through the circuit loop. For cytochrome c, even after readjusting the emitter to the center to 

re-initiate the spray, a significant amount of oxidation species (protein incorporated with oxygen atoms) 

was observed, indicating an electrochemical process during the short circuit. Future work is in progress 
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to replicate the results of Pagnotti et al. 

 

 

 

 

Figure 8.9. Mass spectra of 5×10−9
 M cytochrome c acquired at 1.0 mm (a) & (c) and −2.0 mm (b) & (d). The 

solvents in (a) and (b) are 50 % v/v methanol aqueous solutions with 0.025% v/v formic acid. (c) & (d) are 25% 

v/v methanol aqueous solution. Peaks originated from cytochrome c are labeled with red diamonds. The mass 

spectra were constructed from the average of 6 single scan mass spectra. 
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Conclusions 

Electrospray inside the MS ion inlet tube of 0.5~0.6 mm has been performed using an 

insulating emitter capillary. The stable and optimum condition for ion detection was found to be in the 

multi-jet mode. The present ion source can be seen as a standard microflow ESI with coaxial sheath 

gas, and the drag force from the fast-flowing gas prevented the ions and charged droplets from hitting 

the inner wall of the inlet tube before entering the first pumping stage. The precise alignment of the 

emitter, mechanical stability, and the electrical insulation were essential to ensure proper operation. 

Earlier works have reported the benefits of grooved or micro-structured emitters to provide anchoring 

points for the stabilization of the multi-jets and the enhancement of the electrical field182. Although our 

present study relied on the “naturally occurring” multi-jet mode, the surface defects on the rim of the 

capillary could act as the initial anchoring points and provide a local enhancement of the electrical 

field. The reproducibility of the multi-jet inside the ion inlet should be further improved with the 

micromachined structure on the emitter. 
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Chapter 9: Conclusion 

In this thesis, we have developed atmospheric pressure & high pressure electrospray. The fundamental 

characteristic of the high pressure nano-electrospray ionization source was described in Chapter 2, 

focusing on the relationship between voltage, current, flow rate, and Taylor cone angle about ESI. The 

effect of flow rate on the ionization process was concentrated in Chapter 3. Chapter 4 introduced a 

new oxidation phenomenon that relies on high conductivity and extremely low flow rates. Chapter 5 

introduced the phenomenon of acid-induced protein refolding observed by mass spectrometry. Studies 

on controlling the stability of electrospray using feedback Taylor cone angle and spray current at 

atmospheric pressure was presented in Chapter 6. Chapter 7 introduced a new electrospray without 

electrochemical: bipolar electrospray. Chapter 8 presented an ion source, Inlet ESI, that enhances the 

ion transmission efficiency. 

In the chapter 2, stable Taylor cones with a half apex angle close to the theoretical Taylor 

angle have been generated for highly conductive aqueous solutions by operating the electrospray at 

spray currents near the minimal levels under a high-pressure condition. The formation of the aqueous 

Taylor cone from a large emitter capillary (i.d. 0.4 mm) that was typically difficult under atmospheric 

pressure was made possible under a super-atmospheric pressure condition. The emitter capillary was 

operated “off-line”, i.e. it was not connected to liquid pumps to maintain a zero-pressure difference 

between its both ends. The physical and ionization characteristics of this electrospray have been 

evaluated by the measurements of spray current, cone geometry, liquid flow rate, and mass 

spectrometry. The scaling law for spray current and flow rate which was previously established using 

a liquid pump-based system was found to be valid for the off-line system down to the nL/min flow 

regime. The flow rate in the present system was solely controlled by the applied potential and the 

choice of electrolytes, and the spray current was a reliable indicator of instantaneous liquid flow rate. 

The solution flow rate was finely tuned over the range of <0.2 nL/min to 120 nL/min using applied 

potential alone without changing the size of the emitter capillary. The spray current was used as the 

real-time indicator for the instantaneous flow rate and initial droplet size. High-resolution flow rate 

scanning and simultaneous acquisition of spray current and MS can also be performed to correlate the 

ionization results with the physical variables such as flow rate and initial droplet size with higher 
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precision. From the evidence of solution flow rate and mass spectrometric results, it was verified that 

the ultra-small size of the emitter is not an essential factor to produce the “true nanoelectrospray” 

equivalent ionization. Compared to the capillary-based methods, the present method allows the fine-

tuning of flow rate and initial droplet size without changing the diameter of the emitter tip, which is 

beneficial for the fundamental study of the ionization mechanism. Artifacts originating from the 

surface interaction with the emitter can also be avoided when studying the physical chemistry of 

charged nanodroplets and liquid interface. The same working principle and the scaling law should also 

apply to smaller capillaries as long as the jet diameter is much smaller than the inner diameter. 

In the chapter 3, an offline electrospray with a continuously varying flow rate in the nL/min 

regime had been developed to provide a more quantitative assessment of the nanoflow rate effect on 

the ionization response. The working principle based on the scaling law of spray current and flow rate 

is straightforward, and the technical requisites for scaling law to be valid: a large dimension ratio of 

emitter opening to the jet, operation in the cone-jet mode, and the absence of electrical discharge were 

met by operating the ion source in high-pressure. The dependence on flow rate for ion intensity, charge 

state distribution, peak spreading and oxidative modification shows that there is no universal optimum 

flow rate for all analytical purposes. A high throughput flow rate tuning within a flow rate window of 

several hundred pL/min to ~100 nL/min can thus be used to provide a full ionization response for the 

handling of analyte mixture, automatic searching for the flow rate best suited for each application, on-

demand switching of flow regime, and the direct detection of protein from the high-salt buffer for 

native spectrometry. The present method also provides a platform to study electrospray-related 

phenomena taking place under a high electrical field at an extremely small flow rate. 

In the chapter 4, we have demonstrated an efficient oxidation method that relies on the strong 

electrical field on the surface of a charged droplet or at the tip of a Taylor cone. The degree of oxidation 

was highly tunable by varying the flow rate of the electrospray, hence changing the size of the initial 

charge droplet and the radius of curvature at the tip of the Taylor cone. On-demand oxidation had been 

performed by precision tuning of the nano-flow rate using HV modulation with spray current as the 

feedback signal. The response of oxidation to the measured spray current was almost instantaneous. 

Using the scaling laws for electrospray, the threshold electrical field to induce the oxidation was found 

to be in the order of 1 V/nm. The isotope labeling showed that the oxygen atoms originated from the 
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gas phase. Ozone is commonly produced in electrical discharge but it was found not to be the final 

reactive oxygen species that reacted with the analytes. We postulate that the split oxygen atoms 

generated by electron activation under the strong electrical field reacted directly with the analytes to 

form the observed dominant oxidation species. The oxygen atom and the cogenerated ozone also 

reacted with water to form hydroxy radicals. The controlled oxidation can find application in the 

labeling of the analyte and the selective fragmentation that targets the oxygen-labeled location for 

structural analysis. As the present method only requires high electrical conductivity, the buffer 

solutions commonly used in the native electrospray to maintain a near physiological pH can be 

employed directly to perform native ESI-MS and oxidation analysis on the same sample in a single 

emitter. The use of electrical field strength, which can be estimated from the spray current, as the 

universal control parameter also improves the reproducibility across different emitters and solvent 

systems. 

In the chapter 5, the high stability and improved desolvation of HP-ESI have enabled a mass 

spectrometric study of acid-induced compaction of protein at pH 1, a condition that was difficult for 

conventional atmospheric electrospray and nanoESI. The conformational change of protein standards 

induced by pH was manifested by the drastic shift of the dominant charge state to low charge, 

producing mass spectra resembling the condition of a native protein. Each protein also has its unique 

charge state response to the pH. Increasing the concentration of anions at pH 2 using ammonium 

chloride replicated the compaction phenomenon, supporting the role of anions as the main factor for 

this phenomenon. The compaction of protein was also found to take place in acidic organic solvent 

mixtures containing 50 % ethanol or acetonitrile. The dominant and the average charge of the 

compacted protein show dependency on the type of acid that is related to the propensity for the anion 

to cause compaction and charge reduction effect. In sum, the HP-ESI-MS has been demonstrated to be 

a potential tool for probing the acid-induced compaction phenomenon which is critical for our 

understanding of the science behind protein folding. 

In the chapter 6, a simple iterative learning feedback control system has been developed for 

ESI-MS which provided an automatic correction to the emitter voltage to ensure the cone-jet mode 

operation throughout the course of the analysis. Spray current and optical image were used to 

determine the spraying mode and for performing the closed-loop control using a simple updating rule 
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to stabilize the apex angle or spray current to a user-defined value. The robustness of the feedback 

system was tested using emulated perturbation of flow rate, surface tension, and electrode distance. 

For an analysis involving changes in flow rate, and fluidic or electrostatic conditions, the locking of 

the Taylor cone ensured a steady cone-jet mode operation and overall ion signal stability. For an offline 

electrospray with constant fluidic variables, the locking of the spray current also stabilized the Taylor 

and the solution flow rate. 

In the chapter 7, the characteristics of the electrodeless bipolar electrospray are summarized 

as follows. i) Similar to the standard electrospray, bipolar electrospray also exhibited dripping, kHz 

pulsation, steady cone-jet, and multi-jet modes with increasing voltage. ii) A higher voltage was needed 

to complete the full transition from pulsation to cone-jet mode at both emitters. iii) Except for a wider 

quasi-stable stage, the 𝐼-𝑉 and 𝐼-𝑄 relationships for bipolar ES are the same as the standard ES. iv) 

Offline operation had a different 𝐼-𝑉 from the online operation but they followed the same scaling 

law for 𝐼-𝑄. In conclusion, despite the absence of electrochemical reactions in the sprayer, the bipolar 

electrospray generated solely by the electrical field-induced ion separation was found to be stable in 

the steady cone-jet mode, attaining the ionization efficiency equivalent to a standard ESI. The 

electrodeless operation on the sprayer side eliminates the interferences originating from the 

electrochemical reactions such as the oxidation of analyte, solvent, and electrode in conventional ESI-

MS. Potential applications include the analysis of compounds that are sensitive to the 

oxidation/reduction reaction and the comparative study of the electrolytic effect in the standard 

electrospray. 

In the chapter 8, electrospray inside the MS ion inlet tube of 0.5~0.6 mm has been performed 

using an insulating emitter capillary. The stable and optimum condition for ion detection was found to 

be in the multi-jet mode. The present ion source can be seen as a standard microflow ESI with coaxial 

sheath gas, and the drag force from the fast-flowing gas prevented the ions and charged droplets from 

hitting the inner wall of the inlet tube before entering the first pumping stage. The precise alignment 

of the emitter, mechanical stability, and the electrical insulation were essential to ensure proper 

operation. Earlier works have reported the benefits of grooved or micro-structured emitters to provide 

anchoring points for the stabilization of the multi-jets and the enhancement of the electrical field182. 

Although our present study relied on the “naturally occurring” multi-jet mode, the surface defects on 
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the rim of the capillary could act as the initial anchoring points and provide a local enhancement of the 

electrical field. The reproducibility of the multi-jet inside the ion inlet should be further improved with 

the micromachined structure on the emitter. 
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