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Abstract 

Nanoelectrospray ionization (nanoESI) provides high sensitivity due to increased desolvation efficiencies 

developed through the production of nanometer sized droplets. Unfortunately, this sensitivity is often traded 

for poor robustness and reproducibility, where conventional nanospray emitters/sources are prone to both 

clogging and spray irreproducibility. In conventional nanoESI the use of a multi-channel emitter is of 

interest for generating nanoelectrospray due to its lower chance of clogging, high sample throughput and 

improved sensitivity. In comparison to a single-tip emitter forming a single Taylor cone, a multiple emitter 

forms a plume of mist. This plume is attributed to multiple Taylor cones formed from multiple channels. 

Sensitivity gain is related to the square root of the number of emitters. The multi-channel emitter is expected 

to spray a larger volume in an efficient manner and reduce the tendency to clog. However, to eliminate the 

dependency of sprayer plume or the Taylor cone effect, we have developed a nanoESI ion source (GenieTM). 

Thus, lower chances of clogging and improved sensitivity are expected to provide improvements over 

conventional nanoESI emitter. Genie is a novel ion source vessel that makes use of a carrier gas flow to 

transport ions generated in the channel of the vessel to the sampling orifice of the MS, decoupling the outlet 

of the sprayer from the inlet of the MS. Thus, the signal stability and reproducibility do not depend on the 

sprayer plume or the Taylor cone effect. Also, improvements in the desolvation process results in better 

ionization efficiency and reduction in background noise. Genie’s physical geometry provides the flow 

conditions for minimum ion neutralization. It also eliminates the need for curtain gas (reducing complexity). 

Overall, GenieTM is an interface that utilizes a novel laminar-flow based heated source for induced 

desolvation and a pneumatic flow focusing module to enhance nanoESI stability and robustness. 
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Chapter 1 

Introduction 

Mass spectrometry (MS) is one of the most specific, sensitive and quantitative technique for the 

detection and identification of organic compounds [1]. MS can provide molecular weight 

information and structural detail which together gives a unique fingerprint for each analyte. There 

are many types of mass spectrometers and each have their own advantage. This project will focus 

on using a Triple Quadruple (3Q) MS for analysis.  A 3Q mass spectrometer consists of three basic 

elements: 1) ion source, 2) mass separator and 3) ion detector. The ion source is responsible for 

ionization efficiency of the sample, whereas the mass separator determines the ion transmission 

efficiency and the electron multiplier for the detector gain. All three elements impact the sensitivity 

of the MS [1]. 

1.1 Ion Source 

The ionization source plays a key role in detection of samples by mass spectrometry. Mass 

spectrometers can only generate information when the sample is ionized and thus many types of 

ionization techniques were invented to accommodate different types of samples and molecules [2]. 

Some widely used ionization techniques include: Electron Impact Ionization (EI), Chemical 

Ionization (CI), Fast Atom Bombardment Ionization (FAB), Matrix Assisted Laser Desorption 

Ionization (MALDI), Electrospray Ionization (ESI) and Atmospheric Pressure Chemical Ionization 

(APCI) [2,3]. In EI ionization, a beam of electrons passes through gas phase sample. When an 

electron collides with a neutral analyte molecule, it knocks off another electron and this will result 

in a positively charge ion [2,3]. Chemical ionization uses ion-molecule reactions to produce ions 
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from the analyte. In chemical ionization, a reagent gas (such as: methane, isobutane or ammonia) 

is ionized by electron impact. Long reaction time results in ion molecule reactions between the 

reagent gas ions and reagent gas neutrals. Some of the products of these ion-molecule reactions can 

react with the analyte molecules to produce analyte ions [2,3]. FAB uses high energy atom beam 

(e.g.Xenon or Argon) to bombard samples dissolved in high boiling liquid (matrix often glycerol). 

This results in protonated sample molecules with little fragmentation [2,3]. MALDI involves analyte 

being dissolved in a solution containing a matrix that has a chromophore that absorbs at the laser 

wavelength. Further, small amount of the sample solution is placed on the laser target. The matrix 

absorbs the energy from the laser pulse and produces a plasma that results in vaporization and 

ionization of the analyte [2,3]. In ESI, high voltage is applied to the liquid phase of the sample. The 

liquid phase is then vaporized using a combination of heat and gas [2,3]. In APCI, the sample is 

vaporized using heat and gases; then ionized by passing through a high voltage or current field [2,3]. 

EI and CI are normally called hard ionization techniques because they often produce molecular 

fragments rather than intact molecular ions. Both are widely used in GC-MS. FAB and MALDI are 

soft ionization techniques because they normally produce intact molecular ions with little 

fragmentation. Both techniques normally need matrix to assist the ionization process [4]. ESI, APCI, 

and APPI are also soft ionization techniques that are typically used to ionize liquid samples and are 

particularly well suited for LC-MS. When choosing the type of ionization for an application, 

properties of the analyte are especially important (i.e. polarity, molecular weight and thermal 

instability) [2,4].  

1.1.1 Electrospray Ionization (ESI) 

It was the introduction of ESI (and MALDI almost simultaneously) that extended MS as powerful 

detector for not only small molecules but also large biomolecules (e.g. proteins/ peptides). 
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Electrospray ionization is a phenomenon that was originally reported in 1968 by Dole and co-

workers. Their experiments demonstrated the generation of gas phase ions of macromolecules 

(polymers ~510,000 Daltons) from a diluted solution of non-volatile solute species by producing 

an electrospray at the tip of an electrically charged capillary.[5] Since they used a nitrogen filled 

evaporation chamber, insufficient desolvation of the charged droplets was observed (i.e. no gas 

phase ions). In 1984, Fenn et al. used dry nitrogen gas (as curtain gas) at the end of the emitter 

(instead of the whole evaporation chamber) to assist desolvation and avoid solvent and other 

molecules from entering into the mass spectrometer.[6] Intact, multiply charged molecular ions were 

produced through the electrospray process. As a result, one could measure the mass to charge and 

resulting molecular weight of large bio-molecules (up to 40,000 Da).[7]  

ESI in general consists of three main steps: 1) droplet formation; 2) droplet shrinkage and 

3) gaseous ion formation. A conical shaped Taylor cone is formed at the tip of the electrospray 

capillary/emitter under an electric field. [8,9] It is the electric force on the emitter tip that pulls the 

liquid into a conical shape called a Taylor cone (named after Sir. Geoffrey Ingram Taylor in 1964) 

[10]. The liquid surface becomes unstable and produces a stream of droplets when the electric forces 

overcome the surface tension of the liquid making up the Taylor cone. The charged droplets then 

undergo fission through a combination of evaporation and coulombic explosions. There have been 

several mechanisms suggested for the formation of gaseous ions [9,11,12]. One mechanism (Figure 1) 

suggests that the shrinkage in the size of the droplets is a result of the evaporation of solvent 

molecules from the charged droplets formed. Further, coulombic explosions occur when the density 

of the charges on the droplets overcome the surface tension holding the droplet together. This 

process eventually leads to the formation of multiply charged molecular ions which are introduced 

to the mass spectrometer (Figure 1, adapted from Fenn et al.).[8] 
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A second mechanism, proffered by Iribarne and Thompson, suggests that due to same charged ions 

within a droplet, ion escapes from high charged droplets [13,14]. Whereas, Fenn’s mechanism is based 

on repulsion and evaporation theory [15,16]. However, none of these mechanisms quantitatively 

describe electrospray process. In more recent research, Konnermann et al. has produced new insight 

into the mechanism based upon molecular dynamics (MD) simulations [17-24]. They have shown that 

ESI can proceed with the help of three different mechanisms: 1) ion evaporation model (IEM); 2) 

charged residue model (CRM); and 3) chain ejection model (CEM) [25]. IEM is typically followed 

by low molecular weight analytes, CRM is applied to larger globular species and IEM for 

disordered polymers [25]. Overall, ESI transforms ions from liquid to gas phase and can form single 

or multiply charged ions (depending upon analyte and ESI conditions) that are separated and 

detected by MS. Over the past 20 years, ESI-MS instrumentation has matured leading to a versatile 

technology due to its high sensitivity, selectivity, availability and broad applicability. 

The proteomics field faces significant difficulties such as: small sample amounts available, 

limited throughput capabilities and labor-intensive techniques. These constraints resulted in the 

development of a lower flow (i.e. <1000 nL/min), version of ESI that produced much higher 

sensitivity and reduced sample consumption (i.e. nanoESI). As a result, nanoESI-MS has become 

of great interest to industry. NanoESI ionization exhibits higher sensitivity by creating smaller 

Orifice of MS 

Figure 1 :  Schematic illustration of the electrospray process. [8] 
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droplets resulting in enhanced desolvation and ionization of charged species. At lower flow rates, 

the elongated acquisition time leads to higher sample efficiency [25-28].  Furthermore, it also 

eliminates nebulizing gas requirements and minimizes matrix effects due to reduced charge 

competition. However, current nanoESI emitters have become a bottleneck for nanoESI-MS and 

have prevented its wider applicability. Conventional nanoESI emitters are pulled glass capillaries 

with 1-30 µm diameter orifices. These glass capillaries are produced by pulling the end of a glass 

capillary while heating or by capillary puller. Overall it is a process with low success rate and 

variability as pulling capillaries requires training, skills and time [29,30].  At the same time, 

commercially available emitters are costly (i.e. $10-12 per emitter) [31,32]. Conventional nanoESI 

emitters also suffer from problems such as clogging, poor robustness, large flow resistance and 

poor spray efficiency for highly aqueous solutions. To overcome these problems, the development 

of emitters with multiple channels (splitting one large flow into smaller flows) is of great interest 

for improving nanoESI. Improvement stems from lower chance of clogging, high sample 

throughput and improved sensitivity. Furthermore, if one channel clogs then other channels are still 

open and running in the emitter. 

 

1.1.2 Multichannel emitters 

 

In comparison to single-tip emitters which form a single Taylor cone; a multichannel emitter has 

shown to produce a mist [33]. This plume is attributed to multiple Taylor cones formed from multiple 

channels. The sensitivity gain (Itotal) is related to the spray current from a single emitter (Is) by a 

factor of the square root of number of emitter (n) (Equation 1.1). [33] 

𝐼𝑡𝑜𝑡𝑎𝑙 = √𝑛𝐼𝑠           (1.1) 
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The enhancement in current is due to the formation of multiple electrosprays operating at a reduced 

flow rate (and thus a more sensitive flow rate region), instead of one larger electrospray [34-36]. 

Otherwise stated, the formation of multiple electrosprays would contribute to increased ionization 

efficiency at the same flow rate (i.e. obtaining nanoESI at high flow rates).[37] Multiple electrospray 

emitters have been fabricated for over a decade now. However, there is a need to make the emitters 

more compact. This is because, a Taylor cone with reduced dimension aides in sampling as much 

of the electrospray plume as possible by the small orifice of the MS (~5 mm). A larger MS orifice 

is not feasible due to the low vacuum requirements of the ion optics and ambient pressure 

requirements of ESI. In order to interface a multi electrospray emitter array with MS, Kelly et al. 

found that a multi-inlet array was ideal to capture enough of the electrospray [33]. Thus, to 

accommodate these arrays, microstructured fibres (MSFs) that have an array of equivalent parallel 

channels surrounding a core were used [33]. Commercial MSFs, (Figure 2, below), with 30-168 

holes as electrospray emitters showed similar signal intensity and stability when compared to 

tapered emitters used for nanoESI (with added benefit of high resistance to clogging) [35]. 

Commercial MSFs were designed for light guiding (with closely spaced holes) and thus the close 

spacing prevented independent electrospray from each hole. As a result, no significant 

enhancement in spray current was observed. Alternatively, custom MSFs with fewer holes (3, 6, 9 

and 12) spaced further apart in a radial pattern were prepared and tested [34]. The polycarbonate 

emitters were prepared by cleaving them to an appropriate lengths, and modifying the distal end of 

the emitter using a CF4 plasma. The hydrophobic coating minimizes spray solvent wetting at the 

tip and individual Taylor cones were observed emanating from each of the channels, up to 11 holes 

in the single fibre [34]. This justified the efforts to further develop multiple electrospray emitters 
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made from more chemically robust materials (e.g. silica). Furthermore, both surface modifications 

to enhance robustness/performance and hole configuration to prevent of tip surface wetting.  

 

 

 

 

 

 

 

 

A multi-electrospray emitter was fabricated using a custom silica MSF that possessed a radial nine-

hole pattern. Offline studies (i.e. without MS) have been performed to measure electrospray current 

and observe electrospray behavior of multinozzle emitters.[36] Electrospray voltage was applied to 

the multinozzle emitter (with solvent flow given by nano LC pump) using an external power supply 

module and electrospray current generated was measured using a picoammeter[36]. The electrospray 

behavior was observed using an in situ microscope imaging and digital camera[36]. However, online 

studies (i.e. with MS) are required to examine the factors that affect the formation of Taylor cones 

and form stable nanoESI. The factors include: emitter geometry, electrospray voltage, solvent 

composition, flow rate and relative distance from an emitter tip to the MS orifice. This thesis 

focuses on performing online studies to characterize the performance of the emitters.  

Figure 2 : Schematic diagram 

showing the general technique to 

fabricate MSFs using stacking and 

draw. The SEM image shows a 

commercial 54-hole MSF with 

acrylate coating. The average MSF 

hole diameter is 3.93 +/-0.03 µm.[35] 
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1.2 Mass Separator  

The first mass spectrographs were created using the parabola instrument developed by Thompson 

in 1910 and velocity focusing device by Ashton in 1919. These mass spectrographs provided 

valuable information about both atomic structure and isotopes [38]. To improve the design and obtain 

higher resolution, 180° deflection magnetic spectrometers were introduced by Dempster[38]. During 

the early 1940s, Nier’s work introduced 90° and 60° magnetic deflection mass spectrometers [38]. 

The demand and use of magnetic deflection instruments significantly increased in the 1950s and 

beyond. In particular, the petroleum industry spurred further interest in mass spectrometry due to 

its associated analytical requirements which led to the commercialization of mass spectrometers. 

Up until this point, the majority of mass spectrometers were “static” (i.e. during the full path of the 

ion in the MS, a constant magnetic and electric field is applied) [38]. Increased interest prompted the 

development of “dynamic” MS instrumentation [2,4,38]. Dynamic analyzers run with one of the 

system parameters being time dependent[38] and further extend MS capability and ease of use. The 

most common types of mass analyzers are: Time-of-flight (TOF), Magnetic sector (B), Linear 

quadrupole (Q), Linear quadrupole ion trap (LIT), Quadrupole ion trap (QIT), Fourier transform 

ion cyclotron resonance (FT-ICR) and Orbitrap [2]. Each mass analyzer is described briefly in the 

Figure 3 : Photomicrograph (200x 

magnification) taken of MSF emitter 

generating individual electrosprays from 

9 nozzles in a radial hole pattern. Taylor 

cones were produced with 80% 

water/20% methanol with 0.1% acetic 

acid at 100 nL/min total flow rate. [36] 
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table below (Table 1) [2]. This thesis will describe the Triple Quadrupole mass analyzer in detail, as 

a triple quad instrument was used to obtain the MS data.  

Type Acronym Principle 

Time-of-flight TOF Time dispersion of a pulsed ion beam; separation 

by time-of-flight 

Magnetic Sector B Deflection of a continuous ion beam; separation 

by momentum in magnetic field due to Lorentz 

force 

Linear Quadrupole Q Continuous ion beam in linear radio frequency 

quadrupole field; separation due to instability of 

ion trajectories 

Linear Quadrupole 

Ion Trap 

LIT Continuous ion beam delivers ions for trapping; 

storage, and eventually separation in linear radio 

frequency quadrupole field by resonant excitation 

Quadrupole Ion Trap QIT Trapped ions; separation in three-dimensional 

radio frequency quadrupole field by resonant 

excitation 

Fourier Transform 

Ion Cyclotron 

Resonance 

FT-ICR Trapped ions in magnetic field (Lorentz force); 

separation by cyclotron frequency, image current 

detection and Fourier transformation of transient 

signal 

Orbitrap Orbitrap Axial oscillation in inhomogeneous electric field; 

detection of frequency after Fourier 

transformation of transient signal 
 

 

1.2.1 Introduction to Quadrupole Mass Spectrometry 

Paul and Steinwegen started quadrupole mass filter development in 1953 at the University of Bonn 

[34,39]. Quadruple mass analyzers were seen as advantageous due to their ability to achieve good 

sensitivity, adequate resolution, high speed scanning, no magnet requirement, small compact 

footprint and ability to trade sensitivity for better resolution [38].  Quadrupole mass analyzers 

separate ions based upon mass to charge ratio (m/z) using electric fields when ions are passed 

through a quadrupole. A quadrupole consists of four equidistant rods that have alternating RF 

Table 1: List of common mass analyzers used in the MS industry with a brief description of 

operating principles [2]. 
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voltages and fixed DC. The RF refers to electromagnetic frequencies from 10 kHz to 300 GHz. 

Whereas, DC is Direct (i.e. continuous) Current being applied from high to low potential. [3] Only 

certain masses pass through the quadrupole as specific voltages are being applied. The magnitude 

of the voltages is related to the mass of the ions. Therefore, only an ion of specific mass can go 

through the quadrupole and the others are deflected onto the quadrupole by giving them a trajectory 

that collides the ion with the rods [3].  Quadrupole rods are 4 circular rods assembled to achieve 

desired cross section. Ideally the hyperbolic cross section is desired for best results, however, it is 

not always possible to machine them hyperbolic [35] and most commercial mass analyzers use 

circular rods. Apart from the cross-sectional area of the rods, the spatial position (mechanical 

accuracy at micron level) is critical for mass accuracy and resolution. [3] For a typical quadrupole, 

the pole length is between 50-250 mm; the diameter of the pole is 5-15 mm and quadrupole tunnel 

radius is 5mm (Figure 4) [3]. The quadrupole tunnel radius is the space from the center of the 

quadrupole to the pole. The quadrupoles are usually held by insulating rings that allow both RF and 

DC connections.  

 

 

 

 

 

For triple quadrupoles, each rod has a diametric opposite rod to which it is paired. One pair of the 

rods is positive and the other pair is negative. The potential applied on each pair of rods is +[U+V 

cos (wt)] or -[U+V cos (wt)]. In this equation: U is DC voltage; V is RF voltage; w is radio 

frequency; t is the time domain. As the positive and negative potential is applied on each rod pair, 

Figure 4: Ideal quadrupole geometry, ro represent quadrupole tunnel distance. [3] 
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the ions are attracted or repelled away from each of the rod sets depending upon the ion charge (i.e. 

positive or negative). The resultant field is net zero and thus keeping the ions in the center of the 

quadrupole axis [3].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Ion trajectory with RF and DC applied [10] showing net zero field applied to the rod 

pairs 

 

As ions are transiting the quadrupole they can move in a stable, non-collisional trajectory (Figure 

6) and exit the quadrupole or be in an unstable trajectory where they collide with the quadrupole 

(Figure 7). Those that collide with the quadrupole are neutralized and are eventually pumped away 

by the vacuum system.  
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Ion motion in mass spectrometry follows the Mathieu stability diagram that is dependent on 2 

factors: a and q (Equation 1.2)[3].  

 

(1.2) 

Where: U is DC voltage; V is RF voltage; w is radio frequency; m is the mass; r0 is the distance 

from the center of the quadrupole to either of the quadrupole surface 

Figure 7 : A) Stable or non-collisional trajectory of an ion in a quadrupole; B) 

Collisional or unstable trajectory of an ion in a quadrupole [3].  

 

Figure 6: Stable or non-collisional trajectory of an ion in a quadrupole [3].  
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Since r0  and w are fixed, the ‘a’ term is dependent upon U (DC) voltage at certain mass. 

Whereas, the ‘q’ term is dependent on V (RF) voltage. Therefore, at different mass, the stability 

diagram representing term a and q or U and V will change [3].  

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that with different mass, the Mathieu stability diagram is different. As the mass 

increases the RF and DC voltages required for a stable ion trajectory are higher. Also, the triangular 

stability area overlaps at different masses. Therefore, it is important to use an area where all of 

them do not overlap as the goal is to filter only a specific mass. To accommodate this, a quadrupole 

OFFSET is applied to the DC voltage and a linear relationship is used instrumentally to apply 

different combinations of RF and DC voltage while filtering different masses.  The slope of this 

linear scan line representing the rate at which RF and DC change is known as GAIN [3].  The GAIN 

and OFFSET are related to both resolution and sensitivity of MS scan. If the GAIN (slope of the 

Figure 8 : Mathieu Stability Diagram [3] showing the how changing U and V alters the stability of 

different masses, m1, m2, m3. The bottom panel shows stable ions as one changes U as a linear 

function of V. 
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SCAN line) is increased across the SCAN line proportionally then it will increase spectral 

resolution but decrease sensitivity [3]. As a result, it is important to balance the GAIN and OFFSET 

as needed when a particular MS is designed. Furthermore, this highlights the limited resolving 

power of quadrupoles compared to other mass analyzers. 

The main objective of this project is to enhance nanoESI stability, robustness and 

performance using the novel tapered multi-channel emitters that generate multiple Taylor cones (or 

multiple electrosprays). In theory, to minimize clogging and increase performance; coupling the 

novel multi-channeled emitters with a Triple Quadrupole (3Q) MS with a novel heated source ion 

dissociation (HSID) interface will enhance nanoESI stability and robustness. Overall, the goal of 

this thesis is to design a nanoESI source on IONICS 3Q MS that will overcome the conventional 

nano-ESI bottlenecks. Also using novel improved multi-channel emitters will aide in sensitivity 

gain as it is related to square root of the number of independently spray emitters. The nanoESI 

source was developed in conjunction with IONICS Mass Spectrometry company situated in Bolton, 

Ontario. They are the manufacturing vendor for IONICS 3Q MS triple quadrupole mass 

spectrometers. The multi-channel emitters were prepared with microstructured optical fibres and 

fabricated using stack and draw technique at L'Institut National d'Optique (INO), Quebec, in 

collaboration with Queen’s University (Dr. Richard Oleschuk’s Group). Further, final testing of 

multi-channel emitters with nanoESI source on IONICS 3Q MS were performed in IONICS Mass 

Spectrometry facility in Bolton, Ontario.  
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Chapter 2 

Experimental 

2.1 Overview 

NanoESI-MS is of great interest to the MS industry.  Smaller droplets produced from lower fluid 

flow rates exhibit higher sensitivity due to increased desolvation and ionization. Nano flow 

eliminates nebulizing gas requirements and minimizes sample matrix effects due to reduced charge 

competition. Matrix effects are particularly problematic in complex samples (e.g. proteomics). 

However, conventional nanoESI sources face the problem of poor stability, robustness and spray 

efficiency for highly aqueous solutions. Multi-channel emitters are of interest since they offer 

potential robustness and speed advantages. These advantages stem from a lower chance of clogging 

(there are multiple fluid paths compared to a single path in a conventional emitter), and higher 

sample throughput/improved sensitivity since the emitters can be operated at higher flow rate, while 

individual flow is in a higher sensitivity regime. In comparison to a single-tip emitter, which forms 

a single Taylor cone, a multiple emitter is predicted to form a plume of mist. This plume is attributed 

to multiple Taylor cones formed from multiple channels. Sensitivity gain is related to the square 

root of the number of emitters. Furthermore, the multi-channel emitter is expected to spray a large 

volume in an efficient manner and reduce the tendency to clog. Overall, the goal is to design a 

nano-ESI source that will overcome the conventional nano-ESI bottlenecks. Also, there were 

efforts to use improved multi-channel emitters on orthogonal and conventional nanoESI sources as 

an extension to developing a nanoESI source. The experiments we performed to explore the 

parameter space of the nano-ESI source and multichannel emitter are explained in detail in the 

following section.  
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2.2  Experimental  

2.2.1 Instrumentation – Triple Quadrupole Mass Spectrometer  

The LC-MS/MS system used for the experiments is an IONICS 3Q 210 MS. It is a semi-automated 

triple quadrupole detector intended to identify compounds in a variety of samples by ionizing the 

compounds and separating the resulting ions by means of an electrical field according to their mass. 

In comparison to other triple quad machines, the IONICS 3Q 210 MS is an innovative design with 

unique features and patented technologies for each of its components from ionization to ion 

detection.  

 

Figure 9 : Ion rail schematic showing key components of IONICS 3Q MS triple quadrupole 

technology. Each individual component is unique from the ionization to the ion detection and 

making it highly sensitive, fast, stable, robust and reliable. 

 

The ESI ion source uses the coaxial flow-based technique offering the highest ionization efficiency; 

the interface provides self-cleaning hot source induced desolvation (HSID) which allows it to 

accommodate dirty samples and keep the instrument clean. The ion guide uses laminar flow instead 

of conventional electric field to transport ions which minimizes mass discrimination and maximizes 
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the ion transportation. The high-performance mass filter offers high selectivity with little signal 

loss. The collision cell has a rapid MRM scan speed (27,000 Daltons per second) without 

compromising the ion intensity and eliminating the crosstalk. Furthermore, the Unifield detector 

can simultaneously detect both positive and negative ions without signal loss. In summary, the 

combination of the unique technologies makes the IONICS triple quad highly sensitive, fast, stable, 

robust, and very reliable. The IONICS 3Q 210 MS has a co-axial source with regular ESI source 

that sprays orthogonally. However, this hardware configuration uses a probe with a metal 

emitter/needle to both introduce the sample and provide the high voltage to the sample to initiate 

ionization. The IONICS 3Q 210 MS instrument required modification to enable nanospray 

ionization. 
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2.2.2 Genie TM Interface Development and Characterization (Pneumatic Flow Focusing) 

nanoESI Ion Source 

Genie TM is a novel laminar flow-based heated ion source for induced desolvation. This pneumatic 

flow-focusing module improves the desolvation process as it makes use of a carrier gas flow to 

transport ions generated in the channel of the vessel to the sampling orifice of the MS. This 

decouples the outlet of the sprayer from the inlet of the MS. Below is a schematic of the Genie 

vessel with dimensions.  

 

 

 

 

 

The Genie TM vessel is a metal block with a carrier gas inlet and sample inlet from the top. Zero air 

(clean air with <0.1 ppm of total hydrocarbon) was used as the carrier gas and was introduced using 

a gas regulator (0-7000 cc/min). The Genie TM vessel was interfaced with the IONICS 3Q 210 MS 

Genie TM Vessel 

 

Genie TM Vessel 
Figure 10 : Genie TM nanoESI source vessel schematic with details on position of gas and 

sample inlet. The Genie TM body is grounded, and temperature is optimized for different 

samples. 
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using a new source plate that had a source recognition pin and latches. The Genie TM vessel was 

mounted on a metal plate that has an adjustable stage for x, y and z direction translation. The metal 

plate was attached to the modified source plate. The high voltage was applied to the metal union 

that transfers solution from syringe pump to emitter. Further, the hardware configuration was 

verified to see ions. Reserpine standard (100 pg/µL) prepared in 50/50 water/ACN, 0.1% acetic 

acid was infused through a syringe pump using a 10 µL syringe. The emitter used to carry solution 

from the metal union to the emitter was through a single nozzle 50 µm ID tapered tip emitter from 

New Objective (Massachusetts, United States). The syringe pump was started at 1µL/min and an 

Ion Spray Voltage (ISV) of 5850 V was applied through the software. Zero air carrier gas was 

started at 5000 cc/min through an external flow controller with regulator to modify the flow rate. 

The Genie TM vessel was optimized in x, y and z directions (using adjustable knobs for each 

direction) to obtain best sample introduction stability and highest sensitivity. Emitter protrusion 

(i.e. sample needle height) into the Genie TM vessel from tip to centerline was also optimized. Since, 

this section is inside the Genie TM vessel and it is not visible, an exact position was difficult to 

determine. However, the protrusion from the sleeve holding the emitter was monitored and 

measured to approximate protrusion distance. The emitter protrusion distance from the sleeve was 

measured with a caliper, and intensity as function of emitter position was measured. Each time the 

emitter protrusion was measured with a caliper. The emitter protrusion that produced the best 

intensity was used as the “optimized” position and the distance from the sleeve was recorded. 
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After optimizing the position of the Genie TM vessel, the source was characterized for carrier gas 

flow rate,  ISV and liquid flow rate using the same conditions. Carrier gas flow rate was optimized 

by manually changing the gas flow in 1000 cc/min increments with the gas flow controller. Ion 

intensity as a function of gas flow rate was used to optimize the best carrier gas flow rate over the 

range of 1000 – 7000 cc/min. During this optimization, the Genie TM vessel was not heated.  Ion 

spray voltage was optimized by changing the voltage by 1000 V increments and monitoring the 

intensity of the Reserpine parent mass (609.3m/z). Intensity as a function of Ion Spray Voltage was 

monitored over the range of 1000 – 5850 V. Liquid flow rate optimization was performed using 

different liquid pumping flow rates and different emitter inner diameters. At first, a 50 µm ID single 

nozzle emitter was tested by monitoring the sensitivity as a function of different liquid flow rates 

(0.5 – 10 µL/min). All other source parameters used during this test are listed in Table 2 below.  

 

Tip to Centerline 

 

 B 

 

B 

A 

 

A 

Genie Vessel 

 

Genie Vessel 

Emitter with sleeve & fitting 
(Shown in Figure B) 

 

Emitter with sleeve & fitting 
(Shown in Figure B) 

Emitter  
Tip 

 

Emitter  
Tip 

Emitter Sleeve 

 

Emitter Sleeve 

Sleeve 
holder 
fitting 

 

Sleeve 
holder 
fitting Figure 11 : A) A schematic diagram showing the GenieTM vessel and the emitter protrusion to 

centerline; B) This picture shows the emitter with sleeve and fitting. It is important to optimize the 

emitter tip length into the GenieTM vessel to be above the centerline to achieve maximum 

ionization. 
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                                        Table 2: Ion Source Parameters with Reserpine 

Parameter Name  Parameter Value  

Carrier gas flow rate (cc/min) 4000 

Ion Spray Voltage (V) 5850 

Genie TM Source Temperature (°C) 175 

Optimization compound  Reserpine (100 

pg/µL) 

 

Furthermore, the same test was performed using a single nozzle tapered tip 20 µm ID and 75 µm 

ID emitters (from New Objective). The 20 µm ID emitter was tested between the flow rate range 

of 0.4 -2 µL/min; while 75 µm ID emitter was tested at a flow rate range of 0.6 – 4 µL/min. The 

flow rate range was based upon the vendor specifications on flow rate tolerance of each emitter 

size/configuration. Additionally, Reserpine full Q1 spectra were compared with and without heat 

for the Genie TM source. Both spectra were compared for sensitivity on both the Reserpine parent 

ion (609.3 m/z) and background ions. Since the temperature controller has a maximum temperature 

of 175°C; that was the maximum temperature used. First a Reserpine Q1 full scan from 10 to 700 

amu was monitored with no source temperature applied. Then the GenieTM vessel temperature was 

increased to 175°C. While the temperature was ramping, the Q1 full scan spectra was also 

monitored. After 20 minutes of equilibrating the source to 175°C, a Q1 full scan spectra was 

collected and compared with no heat. To determine if the effect of applying heat is compound 

dependent; another compound (i.e. Bradykinin) was used to test the performance with and without 

heat. The test was performed similar to the Reserpine test, where the temperature was changed to 

175 °C and full spectra were collected and compared to no heat spectra. Bradykinin full spectrum 

was monitored in a Q1 scan but the doubly (M+2H)
 

2+ (530.9 m/z) and triply (M+3H)
 

3+ (354.4 m/z) 

charged ions were monitored specifically. Bradykinin standard solution (1 ng/µL) was prepared in 
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90/10 water/methanol, 0.1% formic acid. Table 3 (below) lists the source parameters used in 

optimization experiments. 

                  Table 3: Ion Source parameters used for Bradykinin sensitivity assessment 

Parameter Name Parameter Value 

Carrier gas flow rate (cc/min) 5000 

Ion Spray Voltage (V) 5850 

Single nozzle tapered tip emitter ID (um) 50 

Optimization compound  Bradykinin (1 ng/µL) 

Liquid flow rate (µL/min)   1  

 

Since the compound being monitored was changed, carrier gas flow and ISV were again optimized 

to ensure optimum sensitivity and stability. Also, the liquid flow rate was optimized for Bradykinin 

doubly and triply charged ions. Since, this was a 50 µm ID emitter, the flow rate was varied from 

0.5-10 µL/min (as per vendor specification on emitter flow rate tolerance). This test was also 

utilized to compare the flow rate profile of the same emitter with different Bradykinin and 

Reserpine. Therefore, the liquid flow rate profile for Bradykinin was performed with no heat and 

compared to the Reserpine flow rate profile.  The Genie TM source was tested for: 1) Improved 

ionization efficiency and reduction in background noise, and 2) Robustness and reproducibility. To 

test for improved ionization efficiency and a reduction in background noise, Reserpine (100 pg/µL) 

was used to compare sensitivities between regular ESI and the Genie TM nanoESI source. The 

sensitivity check was performed using the same solutions. A background ion comparison was 

performed by looking at the Q1 full scan from 10-750 m/z Table 4).  
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Table 4: Source parameters for ionization efficiency experiment performed on GenieTM nanoESI 

and ESI sources 

 

Experiment Parameters Genie TM nanoESI source Regular ESI source 

Carrier gas flow rate (cc/min) 4000 ---- 

Nebulizer Gas ---- 80 

Ion Spray Voltage (V) 5850 5850 

Emitter ID (µm) 20 50 

Optimization compound Reserpine (100 pg/µL) Reserpine (100 pg/µL) 

Liquid flow rate (µL/min) 1 10 

 

A thorough testing on background and sensitivity could have been performed using injections 

performed by LC. However, due to a lack of access to a nanoLC, a thorough testing was not 

possible. As a result, all tests were performed with a syringe pump only. Testosterone is known to 

have high background/noise when performing the test in regular ESI. As a result, the ionization 

efficiency and background reduction was also tested for Testosterone (100 pg/µL, prepared in 50/50 

water/methanol, 0.1% formic acid). 
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2.2.3 Development of Orthogonal Nanospray ESI Source  

The IONICS 3Q 210 MS hardware configuration uses a probe with a metal emitter/needle to 

introduce the sample and provide the high voltage to the sample to initiate ionization. The 

instrument required modification to enable nanospray ionization. To convert the normal ESI source 

to nanoESI it was important to change from the metal needle (100 µm ID) to a commercial emitter 

(silica and non-conductive) with smaller ID (50 µm ID). In the normal configuration the high 

voltage is connected directly to the conductive metal emitter, however the silica emitters being 

developed were nonconductive. This required creating an apparatus to provide the high voltage to 

the nonconductive silica emitter. I designed and fabricated a setup where high voltage was provided 

using a metal union that transferred the sample from the syringe pump to the MS (Figure 13).  To 

test the prototype high voltage apparatus, a fused silica tapered tip emitter of 50 µm ID (TT360-

50-50-N-50, purchased from New Objective) was employed. Using a standard tuning compound 

(i.e. Reserpine, 609.3 m/z) for MS, we monitored the change in the intensity of the ion signal as a 

function of ionization potential (1- 6 kV).  The same apparatus was used to test multi nozzle emitters 

developed in the Oleschuk group. The emitters were fabricated using fibres produced using a stack 

and draw technique at L'Institut National d'Optique (INO), Quebec [35]. Several design 

considerations were taken into account for the custom fibre. The fibre material was silica to provide 

good chemical resistance to common ESI solvents (water, MeOH, Acetonitrile), The fibre outer 

diameter was kept below 300 micron so that conventional capillary fluidic fittings could be 

employed. The fibres were designed to have six and nine channels that run the entire length of the 

emitter. The hole numbers (six and nine) were chosen so that an eventual enhancement of 2.44 or 

3 (assuming root n relationship) would be obtained, also this number provided reasonable interhole 
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distances to promote multi-nano ESI. Lastly the holes were arranged in a radial pattern to minimize 

shielding differences between nozzles [34,40-48]. 

 Custom MSFs (six and nine holed) were obtained from the vendor (example of nine holed 

emitter shown in Figure 12 panel a). The fibres were precision cleaved by first removing the 

protective acrylate jacket by soaking the distal end in toluene and stripping the coating. A precision 

cleave is important to ensure a flat facet. Two different emitter configurations were produced for 

testing. The first involved chemically etching the 9 channels fibre using HF (by Dr. Yuequiao Fu). 

Figure 12 panel b shows an SEM of a fibre that has been etched for 30 minutes. An interesting 

etching pattern results, the outside of the fibre is etched (i.e. o.d. is reduced), while the holes etch 

inside out (hole diameter increases). Further, fibres were prepared with polymer tubes to encourage 

multiple electrospray formation [35,49]. Using a novel polymerization methodology Fu et al. 

produced polystyrene/divinyl benzene tubes in each of the channels of the MSF. The MSF was 

cleaved and then etched to produce an emitter shown in Figure 12c. In this case, the polystyrene 

tubes protrude approximately 35 µm beyond the facet. The nozzles were produced to further aid in 

the development of individual Taylor cones. Overall, the three types of emitters that were tested 

are: 1) radial emitters (6 and 9 holed) a; 2) emitters tapered by etching in hydrofluoric acid (HFA) 

and; 3) emitters tapered with nozzles (etched in HFA with polymer tubes). 
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b 

Figure 12 : SEM Images of fabricated Silica Microstructured optical fibre [49] Three types of emitter 

SEM images of custom fabricated Silica microstructured optical fibre with 9 holes (with micron bar of 

200 μm). (OD with coating 900 μm ± 5.5; ID of 17.48 ± 4.3% μm and hole spacing of ~130 μm): a) 

Radial pattern 9-hole emitter from vendor; b) Tapered emitter with 30 minutes of etching in HFA c) 

tapered emitter with nozzles (etched HFA with polymer tubes) protruding ~35 μm. 
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2.2.4 Development of Conventional Nanospray ESI Source 

Conventional Nanospray involves spraying directly into the MS orifice with no nebulizing gas. To 

adapt the IONICS 3Q 210 MS to conventional nanospray, a new interface design was created to 

spray directly into the orifice. A new source plate was built with source recognition pins and latches.  

This source plate was not populated with an orthogonal sample introduction probe. Instead a metal 

shaft was attached to the source as a platform support for the new sample introduction base (Figure 

13). The PicoTipTM emitter carrying case developed by New Objective was utilized as the base on 

which to rest the emitter. Further, the stand that is available when new emitters arrive in commercial 

emitters box was re-purposed to secure and hold the emitter down (Figure 13). However, a hole 

was drilled in this emitter holder to attach it to the PicoTip Source base. Further, the holder was 

attached to the base using a simple screw. A metal shaft was designed and employed to adjust the 

emitter apparatus in the x and y position.  

A high voltage was applied to the sample through a microvolume stainless steel sample 

union (0.25mm bore, bought from VICI Valco Instruments, MU1XCS6-ION) before the emitter 

(Figure 13). The high voltage was taken from the main source connector (IONICS 3Q 210 MS) and 

applied directly to the metal union. This way the voltage could be controlled directly from the 

SimplicityTM software (v. 1.0) as well. The apparatus setup is shown in Figure 13 below.  
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Figure 13 : Conventional nano-ESI source setup developed for the 3Q triple quadrupole. A) 

Simple schematic of the conventional nanoESI. This figure labels important parts of the apparatus 

described above; B) Image of the conventional nano-ESI source setup with emitter spraying into 

the MS.  

 

Further, the apparatus was tested with single nozzle fused silica capillary of 20 µm ID (purchased 

from New Objective, T360-20-50-N-5) using a standard solution of Bradykinin (530.9 m/z, Sigma 

Aldrich-CAS-58-82-2, HPLC grade). This standard solution was prepared in 90/10 water/methanol 

(v/v), 0.1% acetic acid. The change in intensity of signal was observed as a function of high voltage 

(1- 6 kV) and position. The recommended flow rate range for the 20 µm ID single nozzle emitter 

is 0.2-0.5 µL/min. The single nozzle emitter was tested at different flow rates to obtain optimum 

flow rate with the new conventional nanoESI source.  
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Figure 14 : This figure shows the SEM images of the custom fabricated silica microstructured. 

optical fibres fabricated with nine polymeric nozzles. A) SEM image (End on View) of 206 fibre 

following surface directed DVB polymerization and 20 minute HFA etch (room temperature); B) 

SEM image (Side View) of 206 fibre following surface directed DVB polymerization and 30 

minute HFA etch (room temperature) [58] 

 

The experiment was conducted using the conventional nanoESI source with a multinozzle emitter 

(10 µm ID for each nozzle) as using a multi-nozzle has previously shown enhancement in ion 

current signal [34]. Different flow rates (500-1000 nL/min) were tried on five different multi-nozzle 

emitters to achieve best sensitivity and stability. The conventional nanoESI source with multi-

nozzle emitter was also compared with a regular microspray ionization source on the IONICS 3Q 

MS using the same Bradykinin solution.  A 50 µm ID silica emitter was used for the microspray 

ionization experiments. The purpose of these tests was to compare the enhancement in sensitivity 

due to the multinozzle emitter.  Furthermore, an offline study was conducted to view the spray 

produced by the five multinozzle (9 nozzle) emitters. The purpose of this study was to observe the 

formation of multiple Taylor cones. The set up included flowing a Bradykinin standard solution 

(with +5kV applied potential) through the emitter and having a lens with 5 kV (coming from an 

A B 
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external power supply). A Veho VMS-004 Discover Delux USB Microscope (with x400 

magnification) bought from Amazon Inc. was used to view/ record the spray from each emitter.  

 

Figure 15: Offline emitter test apparatus, inset shows nanoESI generated by the multinozzle 

emitter showing a single Taylor cone. The photo on the left is a zoomed in image (100 µm) of the 

multinozzle emitter with nine nozzles spraying into a single Taylor cone  
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Chapter 3 

3.1 Results & Discussion 

3.1.1 The Development and Characterization of Genie TM (Pneumatic Flow Focusing) 

nanoESI Ion Source 

Conventional nanoESI sources face the problem of poor stability, robustness and spray efficiency 

for highly aqueous solutions. To overcome this bottleneck, a novel laminar flow based heated ion 

source for induced desolvation was developed. This pneumatic flow focusing module improves the 

desolvation process resulting in better ionization efficiency and a reduction in background noise. 

Overall, this novel ion source (Genie TM) enhances nanoESI stability and robustness [37]. Given 

below is the schematic of the Genie TM Ion Source coupled with MS. 

 

 

Figure 16 : Schematic of the GenieTM interface coupled with a mass spectrometer. 

 

Genie TM is a novel ion source vessel that makes use of a carrier gas flow to transport ions generated 

in the channel of the vessel to the sampling orifice of the MS, decoupling the outlet of the sprayer 
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from the inlet of the MS [37]. Thus, the signal stability and reproducibility do not depend on sprayer 

plume or the Taylor cone effect. Also, improvements in the desolvation process results in improved 

ionization efficiency and a reduction in background noise. Genie’s physical geometry provides the 

flow conditions for minimum neutralization and eliminates the need for curtain or nebulizer gases 

thus reducing instrumentation complexity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 : Photograph of the GenieTM vessel/bottle coupled with the IONICS 3Q MS . 

The image shows the carrier gas inlet (Dry air/N2) entering the Genie vessel/bottle and 

sample solution entering from above (i.e. 90 degrees from the MS). 
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In order to understand the flow characteristics and fate of droplets within the Genie TM vessel, 

simulations were performed in FLUENT 6.2 software by a colleague at IONICS Mass 

Spectrometry Group. In the simulation, real source geometry was used with carrier gas flowing at 

a flow rate of 4L/min. To simulate the turbulence characteristics in the source, the Reynolds Stress 

Model (RSM) was used [50]. These simulations help understand the gas velocity profile, flow path, 

turbulent diffusion and turbulent kinetic energy of the sample within the GenieTM vessel.   

 

 

Figure 18 : FLUENT flow pattern simulation in the GenieTM vessel. As shown in the flow path, 

the jet flow strikes the wall at the exit and turns into pipe like flow [51]. Each color represents 

individual particle flow path in the Genie vessel.  
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Figure 19 : FLUENT flow simulation in the Genie vessel. With this flow profile, we can see 

three different flow regions: 1) flow region; 2) stagnated turbulent region and 3) laminar flow 

region. The legend of colors on the left represent velocity magnitude (m/s) 

 

As per the closed geometry experimental setup, the subsonic flow has a simple flow structure (as 

shown in the Figure 19). Overall, it shows that the generated ions can be directed to mass 

spectrometer by the stream lines of the carrier gas.  

 

Figure 20 : FLUENT flow simulation in the Genie TM vessel for velocity magnitude (m/s) [51]. 
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The contour of flow velocity profile shows that near the exit, the flow velocity quickly slows down 

to ~10 m/s and the jet type flow turns into laminarizing pipe flow (Figure 20). The laminarization 

at the exit can be confirmed by Reynolds number (Re) calculation. Reynolds number is a measure 

to determine if fluid is undergoing turbulent flow or laminar flow. The geometry of the vessel in 

which flow occurs is important to determine the range of Reynolds number, where it is in laminar 

or turbulent flow. Since the GenieTM source is a small pipe flow geometry, the flow is considered 

laminar flow below Re =2040 and turbulent above Re=2900 [52]. Anything in between is the 

transition of laminar to turbulent flow. Based on the simulation flow rate of 4L/min, the Reynolds 

number is  calculated and found to be ~2000 and concluded to be still laminar when existing the 

source.  

Re=4/π*(G/uD)                                                  (1.4) 

D - channel diameter 

G - mass flux 

u - the coefficient of dynamic viscosity for air 

 

Overall, narrowing of the outlet has an influence on the flow nature inside the source. In Figure 20 

(most of red area) the velocity is inversely proportional to the distance of the air input [51]. 
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Figure 21 : FLUENT contour of turbulent diffusion (kg/m • sec) in the GenieTM vessel [51] 

 

Diffusion relates to both the mixing and dispersing of ions throughout the vessel. The contour of 

the turbulent diffusion profile shows that mixing is most significant where the flow transitions from 

the large section to the exit. This sharp increase in diffusion near the exit due to the resistance of 

the wall would result in significant ion loss in this region [51].  

 

Figure 22 : FLUENT contour of turbulent Kinetic Energy in Genie TM vessel [51] 
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The contour of turbulent kinetic energy shows the constant flow striking the wall close to the exit 

increases the kinetic energy near the exit. Based on velocity and turbulent diffusion profiles, it can 

be concluded that flow inside the GenieTM vessel is significantly affected by the narrowing of the 

outlet. This narrowing may also aide in more smoothly transporting the ions to the MS orifice which 

is desirable compared to other standard ion sources [53]. Further, to characterize the novel Genie TM 

Ion Source, several experiments were performed to obtain optimum carrier gas flow rate, ion spray 

voltage and position (in the x, y and z direction).  

 

Carrier gas flow optimization 

Carrier gas flow optimization was performed using a Reserpine standard (100 pg/L) 

introduced at a 1L/min flow rate of sample using a single nozzle emitter (50 m ID, tapered tip). 

The carrier gas used in this test was dry zero air which acts as both a nebulizer and desolvation gas 

in the GenieTM vessel. The carrier gas flow was varied from 1000-7000 cc/min and the resulting 

ion intensity measured in counts/sec (cps). Figure 23 shows the results for a typical flow 

optimization.  
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Figure 23 : This figure displays the ion intensity as a function of carrier gas flow rate. Source of 

error bars is standard deviation with 10 replicates each data point (n =10). The data is collected 

using Reserpine (100 pg/µL) standard flowing through a 50µm ID emitter at 1 µL/min. Other 

source conditions include, source temperature of 175°C. This figure displays that the optimum 

gas flow range is 4000-5000 cc/min. 

 

 

Figure 23 shows that the ion intensity (i.e. MS sensitivity) is highest when carrier gas flow is 

between 4000-5000 cc/min. This optimized carrier gas flow range was also supported when the 

effect of crossflow on the plume was observed (by camera) in the Genie TM vessel. This apparatus 

was setup at University of Toronto (in collaboration with IONICS) due to the availability of certain 

equipment and software [54]. At different gas flow rates, the shape and velocity of the jet were 

observed in the GenieTM vessel. It can be clearly seen that as the gas flow rate increases, the 

plume/spray is bent and displays a large bending angle. This results in plume formation closer to 

the tip of the emitter. The yellow lines in Figure 24 a-f represent the inlet diameter of the vessel.   
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Figure 24 : Images of the sample ion plume inside the Genie TM vessel at different carrier gas flow 

rates (with Reynolds number, Re) and fixed liquid flow of 2 mL/min. The tip of the emitter was 

3.5 mm above the centerline. The two yellow lines represent the centerline of the Genie TM Vessel.   

a) At no carrier gas flow rate, the sample is streaming out as a jet and plume formation is very low 

in the vessel; b-d) As the carrier gas flow rate increases the plume has larger bending angle from 

the jet. Also, as the carrier gas flow rate increases, the plume formation is closer to the tip of the 

emitter; e) the plume formation is optimum and within the centerline of the vessel and all sample 

is being carrier out of the vessel; f) the plume forms above the centerline and very close to the tip 

of the emitter and results in dispersion [54]. In this image, flow is represented in cubic centimeters 

per minute (cc/min) at standard temperature and pressure.  

 

Based on the plume pictures in the Genie TM vessel and optimized carrier gas flow range, it can be 

concluded that at medium (4000 – 6000 cc/min) crossflow range the plume generated bends enough 

to carry the ions from the genie bottle to the MS. At gas flow rates that are below the medium 

crossflow range (i.e.1000-4000 cc/min) the ions would be hitting the bottom of the Genie TM vessel 

and thus not all ions will make it to the MS, reducing ion transmission/sensitivity. When reaching 

higher flow rates (i.e. 6000 cc/min and above) ions are scattered/dispersed by an enhanced plume 

bending, and thus undergo significant dispersion/mixing. As a result, the ion intensity drops 

(supported by the plume pictures in Figure 24). This behavior creates an optimum cross flow range 

of 1000-4000 cc/min. Apart from the plume bending due to air crossflow, the tip to centreline 
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distance also plays a large role in the ion transmission. The tip to center line distance refers to the 

distance of the emitter protruding in the GenieTM vessel (See Figure 11A). Since there were no 

markings to precisely monitor emitter position, the position of the emitter protrusion was changed 

manually as a function of ion intensity and stability. It was found that it was optimized at ~7.8 mm 

from the emitter sleeve (see Figure 11B). This distance is critical for ion generation because it 

affects the plume generation at a given air flow rate. It can be predicted from the results that if the 

tip of the emitter is beyond the centreline, ion generation is very low due to an unstable plume. 

 

3.1.1.1 Probe Optimization of Genie TM Ion Source 

Position optimization was performed for x (horizontal), y (vertical) and z (axial) direction 

of the GenieTM vessel to the orifice of the mass spectrometer. Due to the physical geometry of the 

GenieTM, the Taylor cone effect (i.e. unstable signal due to narrow range of optimization) was not 

observed. This allows for easy optimization of position of the ion source. Figure 25a shows the ion 

intensity distribution along the horizontal (x) direction. High ion intensity is obtained at x = 0 ±0.4 

mm. It is two times larger in intensity than the aperture of the HSID (0.3 mm). Figure 25b shows 

the ion intensity distribution along the vertical (y) direction [37]. The maximum signal intensity is 

obtained when the central axis of Genie TM outlet is approximately 0.3 mm away from the front 

edge of the HSID aperture. Figure 25c shows the ion intensity distribution along the axial (z) 

direction. When the distance between the front edge of the Genie TM outlet and the central line of 

HSID body is ~2.8 mm, maximum intensity is obtained. Figure 25d shows the schematic of relative 

positions of GenieTM and HSID. 
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Figure 25 : Genie TM Ion Source position optimization in a) the horizontal (x) direction ; b) the 

vertical (y) direction; c) the axial (z) direction ; d) Schematic of the relative positions (Horizontal, 

Vertical, Axial) of Genie TM with respect to HSID. [37] 

 

3.1.1.2 Ion Spray Voltage (ISV) Optimization 

 

Ion spray voltage optimization was performed using a Reserpine (100 pg/µL) sample at 1 µL/min 

sample flow rate. We used a 50 µm ID, tapered tip, single nozzle with a carrier gas flow rate of 

4000 cc/min during this optimization. The ISV was varied from 1000 V to 5850 V. The voltage 

was applied using the power supply in the MS electronics (maximum of 6 kV). Overall, the 

higher the ion spray voltage, the better the ion intensity.  

d) 
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3.1.1.3 Flow Rate Optimization 

To characterize the flow rate profile of the Genie TM source, liquid flow rate optimization was 

performed using different emitter sizes and different liquid flow rates. Since, not every emitter 

functions at optimum over a large flow rate range it was necessary to use different sized emitters 

that cover a flow rate range of 0.4-10 L/min. Therefore, three single nozzle emitters were used: 

1) 75 m ID at flow rate range of 0.6-4 L/min; 2) 50 µm ID at flow rate range of 0.5-10 L/min; 

and 3) 20 m ID at flow rate range of 0.4- 2 L/min. These flow ranges align with manufacture 

specifications. The common parameters of the source were as shown in Table 5 below.  
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Figure 26 : Ion intensity as a function of ion spray voltage (ISV). Source of error bars is 

standard deviation with 10 replicates each data point (n =10).  The data was collected using a 

Reserpine (100 pg/µL) standard flowing through a 50 µm ID emitter at 1 µL/min. Other source 

conditions include 4000 cc/min gas flow rate and source temperature of 175°C.   
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Table 5: Source parameters for flow rate optimization for different ID emitters 

 

Source Parameters Value 

Carrier gas flow rate (cc/min) 4000 

Ion Spray Voltage (V) 5850 

Genie TM Source Temperature (°C) 175 

Optimization compound (609.3 m/z) Reserpine (100 pg/L) 

 

Following are the results for each emitter at their respective liquid flow rates.  

 

Figure 27 : Ion intensity as a function of liquid flow rate with 75 m ID Emitter. Source of error 

bars is standard deviation with 10 replicates each data point (n =10). The data is collected using a 

Reserpine (100 pg/µL) standard compound flowing at 0.6, 0.7, 0.8, 1, 2, 3 and 4 µL/min. Other 

source conditions include 4000 cc/min gas flow rate, 5850 V Ion Spray Voltage and source 

temperature of 175°C.   

 

For a 75 µm ID (tapered tip) emitter, it is recommended by the vendor to operate in the 0.3 – 2.0 

L/min flow rate range. For this emitter type, the GenieTM bottle source performed best at 1 and 4 

L/min at common source parameters (Figure 27) but 1µL/min had lower RSD (i.e.2.84%) then 

0.00E+00

2.00E+05

4.00E+05

6.00E+05

8.00E+05

1.00E+06

1.20E+06

1.40E+06

1.60E+06

1.80E+06

0.6 0.7 0.8 1 2 3 4

In
te

n
si

ty
 (

cp
s)

 

Liquid Flow Rate (µL/min)



 

 

 

58 

4µL/min (RSD of 3.19%) and thus 1µL/min was chosen as optimum. However, it is important to 

notice that the difference between the intensities at different flow rate is within 5%. This indicates 

that GenieTM bottle source is stable at different flow range without loosing significant sensitivity.  

 

 

Figure 28 : Ion intensity as a function of liquid flow rate with 50 m ID Emitter. Source of error 

bars is standard deviation with 10 replicates each data point (n =10).  The data is collected using 

Reserpine (100 pg/µL) compound flowing through at 0.5, 0.8, 1, 5 and 10 µL/min. Other source 

conditions include 4000cc/min gas flow rate, 5850V Ion Spray voltage and source temperature of 

175°C.   

 

For a 50 µm ID (tapered tip) emitter, it is recommended by the vendor to operate at a 0.2 – 1 µL/min 

flow rate range. The Genie TM bottle source was not tested below 0.5 µL/min using this emitter, as 

below this the syringe pump was not stable. The 50 m ID emitter showed highest sensitivity at  

1L/min for the GenieTM bottle source at the common source parameters (Figure 28).  
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Figure 29 : Ion intensity as a function of liquid flow rate with 20 m ID Emitter. Source of error 

bars is standard deviation with 10 replicates each data point (n =10). The data is collected using 

Reserpine (100 pg/µL) standard compound flowing through at 0.4, 0.5, 0.6, 0.7, 0.8, 1 and 2 

µL/min. Other source conditions include 4000 cc/min gas flow rate, 5850V Ion Spray Voltage 

and source temperature of 175°C.   

 

For a 20 µm ID (tapered tip) emitter, it is recommended by the vendor to operate at 0.2 – 0.5 

L/min. The Genie TM bottle source was not tested below 0.4 L/min using this emitter, as the 

syringe pump was not able to deliver stable flow below this value. For this source, the 20 m ID 

emitter showed best sensitivity at 1 L/min at the common source parameters.  Overall, when 

combining all three emitter results at different flow rates, it can be concluded that for the Genie TM 

Bottle Source, the 50 m ID tapered tip emitter produces the best sensitivity at different flow rates. 

Also, 1 L/min (1000 nL/min) is the optimum liquid flow rate for Genie TM Bottle Source for 

different sized emitters. Therefore, it can also be concluded that the Genie TM Bottle Source works 

best at high nanospray flow rates between nano (< 1000 nL) and microspray (1-1000µL).  
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3.1.1.4 Temperature 

The Genie TM source possesses nebulizer gas temperature control. This would serve as a heated / 

desolvation gas to aid in droplet desolvation to increase the ion transmission. Two compounds (i.e. 

Reserpine and Bradykinin) were used to check the effect of temperature on sensitivity and overall 

background across the mass range (10-700 m/z). Below are the spectra showing a Q1 scan for each 

compound with and without heat.  

 

 

 

Figure 30 : Q1 full scan spectra of Reserpine (609.3 m/z) (100 pg/µL) standard solution with no 

heat (Source parameters – no source heat, 5850 V spray voltage, 4000cc/min gas flow, 1µL/min 

liquid flow, Emitter - 20µm ID PicoTipTM)  

 

 
 

Figure 31 : Q1 full scan spectra of Reserpine (609.3m/z) (100 pg/µL) standard solution with heat 

(Source parameters – 175°C source temperature, 5850 V spray voltage, 4000cc/min gas flow, 

1µL/min liquid flow, Emitter - 20µm ID PicoTipTM)  
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Figure 32 : Q1 full scan spectra of Bradykinin (530.9 m/z, 106 pg/µL) standard solution with 

no heat (Source parameters – 5850 V Ion Spray Voltage, 4000 cc/min gas flow, 1µL/min 

liquid flow, Emitter - 50µm ID PicoTipTM)  

 

 

 
 

Figure 33 : Q1 full scan spectra of Bradykinin (530.9 m/z, 106 pg/µL) standard solution with  

heat (Source parameters – 175°C source temperature, 5850 V spray voltage, 4000 cc/min gas 

flow , 1µL/min liquid flow, Emitter - 50µm ID PicoTipTM) 

 

Reserpine spectra in Figure 30 and 31 show that with heat (175°C), the sensitivity of Reserpine 

parent (609.3 m/z) has dropped by 42%. Instead of an enhancement due to decrease desolvation we 

observe that Reserpine fragments (i.e. 397.2 m/z) are detected (Figure 31) and the background ions 

were much lower. Detailed analysis of background for Reserpine is given in Figure 34 (vide infra). 

A similar phenomenon is observed for Bradykinin (Figure 32 (without heat) and 33 (with heat)), 
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where with heat the Bradykinin parent ion (530.9 m/z) is not observed. Conversely one of the 

Bradykinin fragments (i.e. 371.1 m/z) gained 35.4% intensity with the addition of heat.  

 

ESI Vs. Genie TM ESI source Noise comparison 

Based on the spectra seen above for Reserpine and Bradykinin, it was hypothesized that the 

GenieTM ESI Source (10-1000 nL/min) will have higher S/N ratio and lower background then a 

traditional ESI Source (i.e. 10-2000 µL/min). Therefore, experiments were undertaken to compare 

GenieTM ESI Ion Source with traditional ESI using Reserpine and Testosterone compounds. It was 

observed that the background noise was significantly lower in the GenieTM ESI Ion Source and 

higher S/N ratios were obtained for both compounds. S/N ratios were calculated by Simplicity 1.0 

software where selected background was subtracted from peak of interest. Reserpine in the 

traditional ESI Source has a S/N ratio of 26 and Reserpine in GenieTM ESI source had S/N ratio of 

230. Overall, GenieTM ESI source is 8.8. times better in S/N ratio then regular ESI source. As seen 

in Figure 34, the background level (as per Simplicity software) for Reserpine (609.3 m/z) is almost 

10 times higher in regular ESI source (1.4e5 cps) than in the GenieTM ESI source (1.5e4 cps).  

 

Figure 34 : Q1 full scan spectra of Reserpine (609.3 m/z) (100 pg/µL) standard solution (Source 

parameters – 300°C HSID temperature, 5850 V spray voltage, 4000cc/min gas flow). The sample 
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flow rate used for ESI source was 10 µL/min and for GenieTM ESI source (Emitter - 20µm ID 

PicoTipTM) was 1 µL/min.  

 

Signal-to-Noise ratio for testosterone in the Genie TM ESI source (S/N = 245) was 2.8 times higher 

than regular ESI source (S/N =86). Also, it can be seen (Figure 35) that the GenieTM ESI source has 

less background ions in the lower mass range (5-125 m/z) than with the regular ESI source.  

 

Figure 35 : Q1 full scan spectra of testosterone (289.1 m/z) (100 pg/µL) standard solution 

(Source parameters – 300°C HSID temperature, 5850 V spray voltage, 5000 cc/min gas flow). 

The sample flow rate used for ESI source was 10 µL/min and for GenieTM ESI source (Emitter – 

20 µm ID) was 1 µL/min. 

 

3.1.2 Development of Orthogonal Nanospray ESI Source 

While setting up the orthogonal nanoESI source, the signal intensity was optimized at a high 

voltage setting of 5500 V. Since the hardware setup was being built first time; it was important to 

confirm that the setup/configuration of applying high voltage works at certain flow rates and 

achieves stable signal. After the hardware setup (i.e. source coupled with MS) was completed, 
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multichannel emitters were tested for sensitivity and stability. An initial study was conducted with 

the two basic fused silica radial emitters (6 and 9 holed) designed by Dr. Oleschuk’s group with 

polyacrylate coatings and maximized the inter-hole spacing while maintaining hole integrity.  This 

project specifically involved using radial hole patterned microstructured optical fibre to minimize 

electric field inhomogeneity and lower the chances of having a wetting effect (usually seen when 

holes are spaced too closely to one another) which can cause the formation of a single large Taylor 

cone. Overall, the inner diameters of the fibre or hole sizes are less than 20 μm.  

Offline studies (i.e. without MS) have been performed in parallel by the Oleschuk group at 

Queen’s University to test the electrospray produced, and observed the formation of multiple 

Taylor cones, a single cone emanating from each hole/nozzle of the emitter. [4,38] Stable spray 

current traces (1-2% RSD) were obtained offline and no emitters clogged during testing. My project 

carrys the research further by testing the nanoESI sprayer performance for all three types of emitters 

with six and nine holes in an on-line configuration (with the IONICS 3Q MS system). In online 

studies, the emitters showed stable signal after optimizing parameters (gases and voltage) but with 

half the sensitivity seen in the 25 μm silica capillary. If the optimization is performed to obtain 

sensitivity, the improved stability was not present. Furthermore, after 10-20 minutes of use the 

signal decayed with no signal eventually. The solution began leaking from the fitting where it enters 

the emitter. This was due to the emitter becoming clogged at the end as the coating of the emitter 

swelled from contact with the organic solvent containing sample solution. Thus, the solution was 

not entering the emitter and was leaking out with back pressure. To confirm the phenomenon, the 

end of the emitter was trimmed and tried again. A similar performance pattern was observed for 

many trials. To avoid the swelling and clogging of the emitter end, a different solvent robust coating 

(e.g. polyimide) should be employed.  Unfortunately, the current fiber was fabricated with a typical 
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acrylate coating (for optical fiber construction). MSFs are designed for fibre optic applications 

where they are not contacted with solvents. At the time of fibre fabrication our collaborator at 

COPL did not have polyimide coating capability. Therefore, due to the current fabrication limit, 

emitters with polyacrylate coatings could not be used as most samples for LCMS and MS are 

prepared in either organic solvents or a combination of aqueous/organic. Therefore, measures were 

taken to make a conventional nanoESI source and then modify it to overcome the bottlenecks. This 

way the baseline would be conventional nanoESI source. Also, there were parallel efforts by 

colleagues in the Oleschuk group at Queen’s University to develop emitters that do not swell so 

easily, are more robust, and are more easily produced.  

3.1.3 Development of Conventional Nanospray ESI Source 

Conventional nanospray sampling is the most common manner of sampling for nanoESI. 

Directing the spray straight into the orifice maximizes amount of sample making it into the MS and 

thus ion transmission. Since the droplet size in nanospray (~ 0.2 µm) is smaller than microspray 

(~1-2 µm), positioning the emitter immediately next to the sampling orifice is critical [9,55-57]. In this 

kind of sampling, only the carrier gas is used to direct the ions to the detector. Many studies with 

similar conventional nanospray sampling have shown enhancement in sensitivity and many other 

benefits[34-36]. Therefore, a similar approach was taken to have a conventional nanospray ESI source 

with no gases used (i.e. no nebulizer assist). The main purpose of this study was to overcome the 

nanospray bottlenecks and test multi-nozzle emitters for sensitivity enhancement as described in 

the 2015 Fu et al. study[36]. At first, the conventional nanoESI source apparatus was optimized for 

the best sensitivity by manipulating the emitter to different positions in x & y direction (in reference 

to the sampling orifice). Highest ion intensities were observed with the emitter facing directly into 

the orifice at a distance of ~2.5 mm. (Note – since the emitter is so fragile, it was mounted on a 
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holder and the holder was moved to alter the x & y direction). The ion spray voltage (ISV) was 

varied from 1-6 kV in increments of 1000 V with the highest TIC found with an emitter voltage of 

+5000 V. The voltage optimization was related to the distance between the emitter and orifice.  The 

sensitivity of conventional nanospray was tested with a single nozzle emitter (20 m ID) and 

spraying Bradykinin (106 pg/L; 531 m/z and 354 m/z) as a standard compound (prepared in 9/1 

water/methanol v/v, 0.1% acetic acid) at different flow rates range (500-1000 nL/min). It was found 

that for this emitter with a conventional nanospray design, the optimal flow rate was at 1000 nL/min 

(see Figure 36) which agrees with manufacturer (New Objective) flow recommendations[58]. The 

single nozzle emitter (20 m ID) was compared with multi-nozzle emitters prepared by etching a 

custom microstructured optical fibre. This design employs nine individual fluidic channels 

culminating in nine individual tapered exits. The design looks to again exploit multi-

nanoelectrospray phenomenon first observed by Kelly et al. [33].  If each of the channels and nine 

Taylor cones form, it was hypothesized to achieve an enhancement in sensitivity related to the 

square root of the number of the emitters. Five emitters were obtained and etched according to the 

procedure outlined in Fu et al. [49].  The emitters were tested in both an offline and online set up. 

The ISV was similarly optimized to be 5kV. Two emitters were directly compared in the on-line 

setup using the peptide solution.  The multi-nozzle (9 nozzles, 10 µm ID of each nozzle) emitter 

optimized best at 500 nL/min (Intensity of 1.1e6 cps) and single nozzle (20 µm ID) emitter 

optimized best at flow rate of 1000 nL/min (Intensity of 1.2e6 cps).  When compared to the single 

nozzle it observed that the multi-nozzle emitter gave similar sensitivity to single nozzle emitter, but 

at lower flow rate (see Figure 36).   
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Figure 36 : Ion intensity as a function of liquid flow rate with single and multinozzle emitters. 

Source of error bars is standard deviation with 10 replicates each data point (n =10). The data is 

collected using Bradykinin (10 ng/µL) standard compound flowing through two different 

emitters. The blue data points represent the single New Objective PicoTipTM emitter (20 µm ID, 

T360-20-50-N-5) at different flow rates. The orange data points represent the multi-nozzle 

emitter (with 9 nozzles; 10 µm ID of each nozzle).  

 

No enhancement was observed with five multi-nozzle (9 nozzles) emitters, an offline study was 

performed to more closely monitor the multi-nozzle spraying process. The setup involved spraying 

the same Bradykinin solution with similar high voltage and flow rate conditions. It was observed 

that not one emitter out of the five emitters tested was spraying as expected (i.e. multiple individual 

Taylor cones) and thus the gain in sensitivity was not seen as hypothesized. Figure 37 shows 

microscope images of each of the multi-nozzle emitters showing the different spray modes 

obtained. Please see below the close up of all five emitters spraying and detailed explanation of 

different spray modes observed.  
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Figure 37: Microscope images of five multi-nozzle emitters (custom fabricated silica 

microstructured optical fibres fabricated with silica nozzles using differential etching). There were 

five similar multi-nozzle emitters prepared. Each emitter has nine nozzles and each nozzle is 10 

µm ID). The images were taken in an offline study, where the set up included - Bradykinin standard 

(10 ng/µL) solution through the emitter and 5 kV ion spray voltage applied with an external power 

supply. The microscope used for this experiment was a Veho VMS-004 Discover Delux USB 

Microscope (with x400 magnification).  

 

 

As shown in Figure 37, emitter #1 has only three nozzles of the nine spraying as this was a partially 

clogged emitter (no flow emanating was seen visually). Emitter #2 was fully clogged and thus no 

signal (ion current) was able to be obtained. Emitter #3 sprayed from all channels however the flow 

from each of the channels coalesced and generated a single large Taylor cone.  Emitter #4 showed 

one nozzle spraying independently and the rest coalesced and generated a single large Taylor cone. 

Emitter #5 was clogged (similar to emitter 2) and produced no signal. 

 

Overall, these experiments showed that none of the emitters were spraying as expected. As part of 

fabrication quality control protocols, the emitters were inspected under the microscope and 
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connected with a syringe pump channel and flow assessed to ensure all channels were spraying 

post fabrication. The data I collected was a few weeks following fabrication and the emitters were 

transported from Queen’s University to the IONICS MS lab by me personally. Care was taken to 

not damage any emitters. Since this specific emitter style has been used before by researchers at 

Queen’s University with success [36], it can be concluded that potential causes of failure for the five 

emitters used could be due to handling and transportation. One of the failure modes out of the five 

emitters was: few or all nozzles clogged. This could be due to the damage of the emitter channels 

when coupling it with a different source and configuration of source. It was difficult finding a 

sleeve that fit the emitter and at the same time reduce it to the size that fits the fittings of the nanoESI 

source. This challenge could have damaged the inlet of the emitter channels and thus caused some 

or all of the resulting channels to be blocked. Upon reflection, another potential cause of clogging 

could be damage to the inlet channels during tightening of the emitter (with sleeve) into the fitting 

that holds the emitter. The fitting within the holder in the nanoESI source used here was made of 

stainless steel. There were no specifications for tightening torque provided. Overtightening the 

fitting may have crushed the emitter ends leading to channel clogging. In future this could be 

improved using a finger tight fitting in the source and also ensuring that emitter to fitting sleeve is 

standard. Another type of failure mode was the coalescing of few or all flow channels and 

generating a single large Taylor cone. This failure mode could be due to the emitter nozzles being 

damaged/broken. Even though care was taken in transporting the emitter, there wasn’t specialized 

packaging for transport. Emitters were spaced 20mm apart and taped into a box. Another potential 

reason for this failure mode may be the hydrophobic layer on each nozzle being damaged or 

deteriorating over time. Some of these problems could have been trouble shot with a scanning 

electron microscope on site at the IONICS MS lab. This would have allowed us to inspect the 
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emitters prior to use to ensure integrity following transport. Overall, the multinozzle emitter did 

not show enhancement in sensitivity when compared to commercial one nozzle emitter because the 

emitters were not spraying as expected. Also, due to emitter being expensive and machine 

resources, future testing with more emitters was not possible.   

 

3.2 Conclusions & Future Outlook 

The goal of this thesis was to develop and characterize a nanoESI source that can overcome certain 

bottlenecks of nanoESI. This was achieved by developing a novel laminar flow based GenieTM 

bottle nanoESI source that improves the desolvation process; giving better ionization efficiency 

and a reduction in background noise (based on Syringe pump data). A future recommendation that 

could not be conducted currently (due to lack of functional nanoLC); would be to perform LC 

injections with nanoLC and develop tests for compounds that suffer from high interference in 

plasma samples. This could be a significant advantage for applications where the MRM of interest 

has high chemical noise/background that cannot be eliminated. A known example would be 25-OH 

vitamin D2-D3 as the industry uses APCI MRM fragmentation to reduce background [59,60]. 

However, if ESI ionization is used, then sensitivity would be high and due to the GenieTM source 

resulting background noise would be low producing an improved i.e. higher S/N ratio. Since the 

GenieTM ESI source is optimal in the lower microliter flow rate range, the consumption of sample 

will be reduced as well. Another future recommendation would be testing functional multinozzle 

emitters with GenieTM source for more sensitivity gain over conventional nanoESI. The step 

towards this new direction was attempted with limited success to date however, many lessons were 

learned regarding failure modes, fragility, source design and coupling  
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A further extension to the Genie TM nanoESI source would be eliminating the need of LC 

to push sample into the MS and MS waiting for LC to separate samples (overall, higher throughput). 

This would mean designing a pneumatic Genie plate with a dispenser. It would be a state of art 

sample introduction device which would be capable of supporting nano, micro and higher flow ESI 

ionization.   
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