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RESUME

La spectrométrie de masse par pulvérisation sur papier reste une technique encore peu ex-
plorée, malgré son fort potentiel analytique, en particulier pour 1’étude des biomolécules.
Dans ce travail, nous présentons une caractérisation de cette technique a 1’aide d'un disposi-
tif microfluidique sur papier développé au sein de notre laboratoire, dans le but de mieux
comprendre les mécanismes fondamentaux régissant la génération d’ions multiprotonés de
protéines, en prenant la myoglobine comme analyte modele. Plus spécifiquement, notre
étude examine l'influence de la géométrie de la pointe, de la microstructure du papier ainsi
que des propriétés physico-chimiques du couple solvant—substrat sur I'efficacité d’ionisation

et sur la distribution des états de charge.

La méthodologie adoptée repose sur trois approches complémentaires. Les observations en mi-
croscopie électronique environnementale ont mis en évidence des réseaux de pores hétérogenes
ainsi que des irrégularités liées a la technique de découpe laser, confirmant la variabilité in-
trinseque des propriétés de surface. Des simulations numériques réalisées sous COMSOL
Multiphysics ont permis de cartographier le champ électrostatique au voisinage de la pointe.
Les résultats indiquent que des pointes plus aigués (15°) géneérent un champ plus intense
et plus localisé que des pointes a angle plus élevé (30° et 45°), favorisant ainsi une zone
d’ionisation plus confinée. En parallele, des expériences de spectrométrie de masse par pul-
vérisation sur papier ont été réalisées sur la myoglobine, en faisant varier plusieurs parametres
: I’angle de la pointe, le débit du solvant par rapport au substrat et le pH du solvant. Les
spectres de masse obtenus montrent que la diminution du pH déplace systématiquement la
distribution des états de charge vers des valeurs plus élevées, ce qui montre que la puce mi-
crofluodique est capable de détecter les différentes conformations de la myoglobine (compacte
ou allongée). Les résultats montrent que l'efficacité d’ionisation et la distribution des états
de charge dépendent fortement des conditions de solution et des propriétés du papier. A pH
élevé, de grosses gouttelettes et un débit élevé favorisent 'ionisation, tandis qu’a pH faible,
de petites gouttelettes et un débit réduit induisent plusieurs états de protonation. La taille
des pores et le débit, parametres interdépendants, doivent étre considérés conjointement pour

optimiser I'angle de la pointe.

Ce travail montre que la puce élaborée assure une détection protéique fiable par PS-MS et
constitue une plateforme pour optimiser rationnellement les yPADs, ouvrant la voie a des

performances accrues et a de nouvelles applications analytiques.
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ABSTRACT

This work investigates the performance and underlying mechanisms of PS-MS using a custom-
designed pPAD fabricated in our laboratory. The objectives were to validate its analytical
reliability for protein detection, to examine how the physical and chemical properties of paper
substrates influence ionization, and to gain a deeper understanding of the processes governing
droplet formation and charge generation. Myoglobin was selected as a model protein to assess
the efficiency and stability of ionization under controlled experimental conditions. The device
yielded reproducible mass spectra with well-defined charge-state distributions, demonstrating

its potential as a reliable platform for protein detection.

The intrinsic microstructural properties of the paper were characterized using an ESEM,
revealing edge irregularities introduced by laser cutting. These observations highlighted the
inherent randomness of paper at the microscale and its potential impact on fluid transport and
ionization. Numerical simulations performed in the COMSOL Multiphysics software provided
additional insight into the electrostatic field near the paper tip. Tip geometry was shown
to play a critical role: narrower angles produced more confined and intense electric fields,
promoting localized ionization at high flow rates. Furthermore, spectral analysis showed
that, at low pH, smaller pore sizes and reduced flow rates produced finer droplets, improving
desolvation and broadening the charge state distribution. Pore size and solvent flow rate
emerged as interdependent factors that determine the optimal tip angle. At higher pH, larger
pore sizes enhanced ionization efficiency, although this effect was modulated by the flow rate.
Overall, lowering the solution pH consistently shifted the charge state distributions toward

higher charge states, in agreement with the different conformations taken by the myoglobin.

These results, combined with the electrostatic modeling, indicate that ionization efficiency
is jointly controlled by substrate microstructure, tip geometry, and solution chemistry. Al-
though the device demonstrated stable and reproducible protein ionization and provided
valuable insights into the physicochemical factors affecting PS-MS, limitations remain, in-
cluding structural variability due to laser cutting. Future work should focus on improving
substrate fabrication, extending modeling simulations, and enhancing geometric control to

further increase reproducibility and analytical performance.

Overall, this study confirms that uPADs can be effectively adapted for stable PS-MS protein
analysis while also serving as powerful experimental platforms for probing how material

heterogeneity and operational parameters shape ionization mechanisms.
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CHAPTER 1 INTRODUCTION

In recent years, advances in analytical technologies have significantly enhanced the sensi-
tivity and precision of biomolecular detection, enabling a deeper understanding of complex
biological systems [12]. Among these technologies, mass spectrometry (MS) has emerged as
a key tool in biomedical analysis due to its high sensitivity and specificity. The development
of ambient ionization techniques has further expanded the capabilities of MS by allowing
rapid analysis with minimal sample preparation, paving the way for point-of-care (POC)

applications.

However, conventional methods such as liquid chromatography—mass spectrometry (LC-MS),
gas chromatography—mass spectrometry (GC-MS), nuclear magnetic resonance (NMR), and
enzyme-linked immunosorbent assay (ELISA) often involve complex workflows, expensive
instrumentation, or are restricted to predefined targets. These limitations underline the
growing need for analytical strategies that are fast, simple, robust, cost-effective, and user-
friendly [12].

In this context, a novel technique known as paper spray mass spectrometry (PS-MS) was
introduced in 2010 by Liu et al. as a promising alternative analytical method [13]. It enables
the direct analysis of untreated biofluids with minimal preparation, using a simple piece of pa-
per as both the sampling medium and ionization surface electrode. PS-MS has demonstrated

broad applicability in the detection of drugs, metabolites, lipids, and proteins [14].

Despite its potential, PS-MS remains insufficiently explored and lacks standardization. Key
parameters—such as paper type, device geometry, solvent composition, and ionization mech-
anisms—still require systematic optimization, as they directly impact signal intensity, stabil-
ity, and reproducibility. The performance of PS-MS is also highly dependent on the sample
matrix and analyte. Protein analysis, in particular, remains challenging due to low ioniza-
tion efficiency and surface interactions [15]. While notable progress has been made, further
refinement and a deeper understanding of PS-MS fundamentals are essential to ensure its

reliable use in both research and clinical applications [10].

Our objective is to characterize spray efficiency in PS-MS by examining the influence of
critical parameters such as solvent composition, device geometry, and paper substrate type,
using a custom-designed microfluidic paper device. This investigation aims to deepen our
understanding of the fundamental mechanisms that govern ion generation and spray stability.
To support this study, we employ myoglobin as a model analyte, owing to its well-defined

structure and its frequent use as a reference protein in PS-MS research [15].



CHAPTER 2 LITERATURE REVIEW

2.1 Fundamentals of MS

MS is a powerful analytical technique known for its high sensitivity and specificity, capable
of detecting and identifying compounds even at trace levels. It is widely applied in fields such
as environmental monitoring, pharmaceutical research, clinical diagnostics, forensic science,
and food safety [16,17].

The fundamental principle of MS lies in measuring the mass-to-charge ratio (m/z) of ionized
molecules, where m is expressed in daltons (Da). This allows for the identification and
quantification of chemical compounds in both biological and non-biological samples. In a
typical workflow, analytes are ionized, separated based on their m/z, and then detected.
Beyond quantification, MS also provides structural and qualitative information, making it

an essential tool in modern analytical chemistry.

2.1.1 MS mechanism

The MS process involves three essential steps:

o Ionization of sample molecules: Molecules in liquid or solid form are first con-
verted into gas-phase ions using ionization techniques. This transformation is essential
because only charged species can be accelerated, separated, and detected by the mass
spectrometer. The efficiency and mechanism of ionization play a critical role in de-
termining the method’s sensitivity and the range of analytes that can be effectively
detected.

» Separation of ions by m/z ratio: After ionization, the ions are accelerated by an
electric potential, which gives them kinetic energy. All ions with the same charge receive
approximately the same amount of energy. These ions are then directed into a Mass
Analyzer—such as a quadrupole, Time-of-Flight (TOF), ion trap, or Orbitrap—where
they are separated based on their mass-to-charge ratio (m/z). The analyzer type
determines how well the instrument can distinguish between ions with very similar
masses up to Am/m ~ 0.0004 for an Orbitrap [17].

o Detection and spectrum generation: After separation, the ions reach the detector,

where each ion generates an electrical signal proportional to its abundance. These



signals are then processed by a computer to create a mass spectrum—a graph that
displays the intensity of detected ions as a function of their mass-to-charge ratio (m/z).
This spectrum serves as a molecular fingerprint, providing information on the quantity
of each ion generated and/or how larges molecules are fragmented, which helps in

identifying and characterizing the compounds present in the sample.

As illustrated in Figure 2.1, the mass spectrometer produces a spectrum where each peak
corresponds to a molecule ionized and detected in the sample for different levels of ionization.
The x-axis indicates the mass-to-charge ratio (m/z), while the y-axis reflects the relative

intensity, representing the abundance of each ion.

Figure 2.1 Schematic illustration of positively charged ion species [6], where n represent the
charge state. Reproduced under the terms of the CC BY 3.0 license.

This spectrum acts as a molecular fingerprint, enabling:

o Identification of compounds via m/z values or fragmentation patterns,
e Quantification based on peak intensity,

o Detection of structural variants or impurities.

Thanks to continuous advancements in ionization sources, mass analyzers, and data pro-
cessing technologies, MS has established itself as a gold standard in biomedical analysis,
enabling sensitive and quantitative detection of biomolecules (proteins, peptides, oligosac-
charides, lipids, Deoxyribonucleic Acid (DNA), and Ribonucleic Acid (RNA), drugs, and
metabolites [18]).



As ionization is critical in MS, the choice of technique depends on the sample’s volatility,
polarity, and molecular weight. Analytes are converted into cations, anions, or adducts de-
pending on the solvent, substrate, and detection mode (positive or negative, corresponding to
the applied voltage polarity). The ionization energy directly influences the extent of fragmen-
tation and, ultimately, the quality of the resulting mass spectrum. Several ionization methods
are used in MS, including Electron Impact (EI) for small volatile compounds, Atmospheric
Pressure lonization (API) techniques like Electrospray lonization (ESI) and Atmospheric
Pressure Chemical Ionization (APCI), Secondary lonization Mass Spectrometry (SIMS) as
well as Matrix-Assisted Laser Desorption/lonization (MALDI) for larger biomolecules such
as proteins and peptides. Among these, our focus will be on ESI, an ambient ionization tech-
nique particularly well-suited for the direct analysis of biomolecules from complex matrices

17].

2.1.2 Electrospray Ionization : A key ambient ionization technique in MS

Ambient ionization techniques enable direct gas-phase ion generation at atmospheric pres-
sure with minimal sample preparation, making them ideal for rapid and high-throughput
analyses [19]. ESI, in particular, is widely used in both laboratory and POC diagnostics due
to its ability to gently ionize large, thermally labile biomolecules with minimal fragmenta-
tion [20,21].

The process begins with the application of a high voltage to a conductive liquid flowing
through a narrow capillary. This generates a strong electric field at the capillary tip, typically
around 10° V/m [21]. When the electrostatic forces exceed the liquid’s surface tension, the
meniscus deforms into a conical structure known as the Taylor cone, first described by Sir Ge-
offrey Taylor in 1964 [22]. At the cone’s apex—where the electric field is strongest—charged

microdroplets are emitted, forming a fine aerosol that initiates ion formation [20].



Figure 2.2 Schematic representation of the electrospray ionization process [6]reproduced un-
der the terms of the CC BY 3.0 license.

As charged droplets travel toward the mass spectrometer, solvent evaporation gradually in-
creases their surface charge density. When this density reaches the Rayleigh limit—where
electrostatic repulsion exceeds the cohesive force of surface tension—the droplets become
unstable and undergo Coulombic fission, breaking into smaller, highly charged progeny
droplets [23]. This sequence of evaporation and fission repeats, progressively concentrat-

ing the analyte into nanoscale droplets, referred to as charged progeny droplets in Figure 2.2.

In the final stage, gas-phase ions emerge from these desolvated nanoscale droplets, shown as
“naked charged analytes” in Figure 2.2. Two main mechanisms have been proposed for this
transition. According to the charge residue model (CRM), continuous solvent evaporation
leads to the formation of a single analyte molecule carrying the residual charge. Alternatively,
the charge ejection model (CEM) suggests that analyte ions are directly emitted from the
droplet surface once the electric field becomes sufficiently strong. Both mechanisms result in
the production of free ions, which are subsequently transmitted into the mass spectrometer

for detection and analysis [24].

It is worth noting that ESI can operate in either positive or negative mode, depending on
the polarity of the applied voltage and the chemical nature of the analyte. In positive mode,
analyte molecules (denoted as N) are typically protonated in the liquid phase, forming ions
of the type [N + H|' via the reaction N + HY —— [N + H]". This mode is particularly
effective for compounds that readily accept protons, such as alkaloids, small peptides, and
proteins. As a result, positive-mode ESI is widely applied in proteomics, metabolomics, and

pharmaceutical analysis.

Building on ESI, several ambient ionization techniques have emerged, including LC-MS,
Desorption Electrospray lonization (DESI), and Direct Analysis in Real Time (DART), all



enabling direct analysis of complex samples with minimal preparation [10]. Among these, a
notable development is Paper Spray lonization (PSI), introduced by Liu et al. in 2010 [13],
which has since attracted growing attention. Inspired by ESI, PSI replaces the traditional
capillary with a porous paper substrate that transports the sample via capillary action. The
wetted paper serves as a conductive medium, allowing ion generation under high voltage

without the need for external pumps. This innovation gave rise to the PS-MS technique.

In the following section, we detail the underlying mechanism of ion formation in PS-MS.

2.2 PS-MS: principle and mechanism

Prior to discussing the mechanism of the PS-MS technique, it is important to first review

the properties of the paper substrate.

2.2.1 Paper properties

Paper, a hydrophilic and porous material primarily composed of cellulose, has long been
used in analytical techniques such as paper chromatography and colorimetric assays [25]. Its
low cost, ease of modification, and ability to support capillary-driven flow make it an ideal

substrate for diagnostics, including pregnancy tests and glucose monitoring [25].

Building on this foundation, Microfluidic Paper-based Analytical Devices (uPADs) have
emerged as versatile platforms for chemical and biochemical assays, following the pioneering
work of G. Whitesides et al. in 2007 [26]. These devices are created by patterning paper with
hydrophobic barriers to form hydrophilic channels that autonomously transport small fluid
volumes without external pumps [27]. By integrating fluid handling and detection onto a sin-
gle patterned surface, uPADs function as paper-based lab-on-a-chip systems. This approach
echoes the broader lab-on-a-chip concept, which seeks to miniaturize entire analytical work-
flows onto compact, self-contained platforms [28]. Because they are easy to use, inexpensive,
and work well without complex equipment, paper-based lab-on-a-chip devices are ideal for

testing outside of laboratories, including in clinics, remote areas, and on-site fieldwork [29]

Understanding fluid transport in porous media is essential for the design, use, and opti-
mization of pPADs. Numerous computational models have been developed to simulate fluid
imbibition at the microscale. However, these models often struggle to accurately capture

fluid behavior at the larger scales characteristic of paper substrates [7].



2.2.2 Capillary flow modeling in paper-based devices

To address capillary-driven flow in porous structures, researchers have long relied on sim-
plified analytical models. Among these, the most commonly used is the Lucas—Washburn
model, originally formulated by Lucas (1918) and Washburn (1921). This classical model
conceptualizes the porous medium as an assembly of idealized cylindrical capillaries and

relies on a set of simplifying assumptions [7]:

o The pores are straight, cylindrical capillaries of uniform radius.

e The capillary walls are smooth and rigid.

o The contact angle between the fluid and the solid surface remains constant over time.
o The liquid exhibits Newtonian behavior and flows in a laminar regime.

e The system is fed by an infinite liquid reservoir.

e The region behind the advancing liquid front is fully saturated.

Within this framework, capillary forces promote fluid infiltration, while viscous drag acts as
the opposing force. The resulting Lucas—Washburn equation describes the position L of the

wetting front as a function of time t:

L(t) = \/W;ZSW (2.1)

where, v represents the liquid—air surface tension, r is the capillary radius, 6 the contact

angle, and p the dynamic viscosity of the fluid.

For clarity, the Lucas-Washburn coefficient k is defined to characterize the rate of liquid

front propagation in the capillary:

_ yrcost

k
2p

(2.2)

While the Lucas—Washburn model provides useful insight into capillary-driven flow, it does
not fully reflect the complex behavior of fluids in real porous materials such as paper. Unlike
ideal capillaries, paper is composed of a random network of interwoven cellulose fibers that
form a highly irregular and tortuous system of interconnected pores. In this structure, fluid

flow is not governed solely by pore diameter; instead, it tends to follow the most continuous



Figure 2.3 Illustration of capillary entry and the forces involved during liquid infiltration
into a capillary [7]. Figure adapted from [7], licensed under ACS AuthorChoice for non-
commercial use.

and accessible network of channels, regardless of their size. Experimental studies have shown
that temporary blockages, irregular pore shapes, and fiber swelling can slow or divert the

fluid, leading to uneven and unpredictable wetting fronts across the paper substrate [30].

To better represent flow at larger scales, particularly in fully saturated media, Darcy’s law is
often employed. This macroscopic model assumes an average pore geometry and a uniform
saturation behind the liquid front. Darcy’s law relates the volumetric flow rate @) through

the porous medium to the pressure drop AP:

KA

G 2

In this expression, A is the cross-sectional area, L the flow path length, and x the material
permeability. The Lucas—Washburn law is a microscopic model describing liquid penetration
in a single capillary over time, driven by capillary pressure and resisted by viscosity. In
contrast, Darcy’s law is a macroscopic model that relates the volumetric flow rate through a

saturated porous medium to the pressure drop across it.

2.2.3 PS-MS mechanism

Leveraging the capillary properties of porous paper, PS-MS enables direct analyte ionization
via spontaneous fluid transport. Combining the simplicity of disposable paper devices with
the efficiency of PSI, it provides a rapid, low-cost, and user-friendly platform for chemical

and biochemical analysis.



In general, the PS-MS process follows a sequence of steps described in the literature [13,14,31].
PS-MS uses a cellulose-based paper substrate, often cut into a triangle, onto which a small
sample volume (typically 5-20 pL) is deposited near the base. This specific geometry pro-
vides an optimal configuration for PSI, offering stable spray formation—a feature discussed
further in this review. The sample passively wicks through the porous matrix toward the
tip. Simultaneously, a high DC voltage (typically between 3 and 5 kV) is applied to the rear
of the paper, commonly via a metallic clip. Positioned near the grounded MS inlet, the tip
accumulates charge, generating strong electrostatic forces. Although forming a well-defined
Taylor cone in PSI is challenging due to the paper’s geometry and material properties, a
stable spray plume is still produced at the tip, governed by the same physical principles [9].
Ionization efficiency and spray stability in PSI depend on key experimental parameters such

as paper geometry, solvent composition, and applied voltage [9].

In the context of PS-MS, the triangular paper substrate fulfills multiple roles simultaneously:

« [t transports the solvent by capillary action toward the paper tip;
o It concentrates the electric field at the apex due to the geometric "tip effect”;

o It facilitates the formation of the Taylor cone at the paper’s extremity which plays the

role of an emitter.

Figure 2.4 illustrates how PSI builds upon the principles of ESI by incorporating a porous
paper substrate, thereby enabling the development of the PS-MS technique.
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Figure 2.4 Schematic comparison between ESI and PSI. This illustration highlights the fun-
damental differences in device configuration, sample transport, and ionization principles
between both techniques. Reproduced with permission from [8]. © Elsevier (License no.
6072140997821).

2.2.4 Spray plume characterization in PS-MS

The performance of PS-MS depends on several interrelated factors, notably the stability of
the spray plume (i.e., consistent formation of charged droplets over time), the efficiency of
ion generation, and the reproducibility of the analytical signal. These parameters are all
influenced by the physical characteristics of the spray. Nguyen et al. [9] showed that spray
behavior in PSI is highly sensitive to variables such as electric field strength, solvent flow
rate, paper thickness, pore size, tip angle, and surface chemistry. These conditions determine
the formation of distinct electrostatic spray regimes, each of which influences the mechanism
of droplet generation, droplet size and velocity, ionization efficiency, and temporal signal
stability. As established by Espy et al. [8], the spray plume generated during PSI can be
classified into three distinct modes based on the number and spatial distribution of liquid

jets observed at the paper tip:

» Single cone-jet — Emission of a fine, charged jet from the center of the tip, forming
a stable and focused spray. This regime offers optimal conditions for efficient and

reproducible ionization.

e Multi-jet mode — Formation of two to three jets at distinct locations on the tip.
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This regime is less stable than the single cone-jet and generally yields lower analytical

reliability due to signal fluctuations.

 Rim-jet mode — Characterized by the emission of more than three jets distributed
along the perimeter of the paper tip. While it can sustain high signal intensity, it intro-

duces spatial inhomogeneity and compromises spectral resolution and reproducibility.

Figure 2.5 Images of spray plumes observed from the side of the paper substrate at increasing

applied voltages, with a constant spray flow rate of 5 pL min~'. (A) no visible spray jet; (B)

single cone-jet mode; (C) multi-jet mode with two distinct jets; (D) multi-jet mode with
three distinct jets; (E) rim-jet mode characterized by multiple jets distributed along the
paper edge. Reproduced from [9], under the terms of the Creative Commons Attribution
License (CC BY 4.0).

The applied electric field primarily controls the transition between spray regimes. As the
voltage increases from 1.5 to 6.25 kV [8], the spray evolves from single-jet to multi-jet,
and finally to rim-jet mode. Omnset voltages are approximately 2.3 kV for the single-jet,
3.7 kV for the multi-jet, and 5.2 kV for the rim-jet mode [8]. At higher voltages, rim-jet
dominates, emitting multiple jets radially along the paper tip due to electrostatic repulsion.
This mode produces a higher ion current by generating more charged droplets. The en-
hancement stems from local electric field amplification caused by the fibrous paper structure,
which—unlike smooth capillaries—offers numerous emission sites where individual fibers act

as micro-emitters.

On the other hand, a mode like the single cone-jet one allows the formation of smaller droplets

that present several advantages in the context of MS :
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o They evaporate more rapidly,

e They promote more efficient ion release into the gas phase,

This leads to improved ionization efficiency. And ultimately enhances both the sensitivity

and the signal intensity detected by the instrument.

Other spray modes can also be observed; however, they are generally undesirable. These
unstable onset modes typically occur at low voltages or under non-ideal conditions, such
as improper geometry or poor wetting. The dripping mode involves a slow, gravity-driven
release of large droplets, leading to intermittent and inefficient signals. The pulsating mode
is characterized by the periodic appearance and disappearance of the spray cone, resulting

in fluctuating signal intensity and poor reproducibility.

In summary, each spray mode results in droplets with distinct properties, significantly im-
pacting the ionization process and thus the overall efficiency of PS-MS, as reflected by the

mass spectral signal [9)].

2.3 Parameters influencing spray formation in PS-MS

2.3.1 Effect of the voltage on the efficiency of the spray

PS-MS is highly sensitive to variations in the local electric field at the emitter tip, which
plays a critical role in the initiation and stability of the spray. The strength of the electric
field F generated between the ESI emitter and the counter electrode (typically the inlet of

the mass spectrometer) can be approximated by the following expression [9]:

V

E_A-r-ln(ffi)

(2.4)

where:

V' is the applied voltage,

r is the radius of the emitter tip,

d is the distance between the emitter and the counter electrode,

A is an empirical constant that depends on the specific geometry of the system.

This relationship underscores the critical influence of the emitter tip radius and the emitter-

to-detector distance on the electric field strength, which in turn governs the formation of the
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spray plume and the overall efficiency of the ionization process. In brief, the electric field at

the capillary emitter directly influences the spray modes.

On the other hand, the study [32] demonstrated that the emission radius r. of the Taylor

cone is determined by both physical and electrical parameters of the electrospray system :

1/3
2 2/3
r— P l(g) _ 11 (g) (2.5)
2 T T
472~ tan <2 19)

The following equation highlights the dependence of r,. on:

the liquid density p,

the surface tension 7,

the cone angle,

the applied voltage U, and the threshold voltage Ur,

the flow rate dV//d¢.

This equation enables the characterization of the spray plume radius, thereby providing an

estimate of the resulting droplet size.

In PS-MS, increasing the applied voltage enhances the electric field at the paper tip, al-
lowing it to better overcome the solvent’s surface tension. This leads to the formation of
smaller droplets, which improve desolvation, thereby gas-phase ion formation and overall
ionization efficiency. Conversely, higher surface tension or sharper cone angles can hinder

droplet emission, reducing ionization performance.

However, voltages above 6 kV often result in corona discharge—localized ionization of air
near the paper tip—which introduces electrical noise, generates reactive species, and disrupts
spray stability [10,33]. To ensure stable ionization and preserve analyte integrity, PS-MS is
typically operated within a voltage range of 3-5 kV [10, 33].

2.3.2 Effect of off-axis distance and tip-to-inlet distance on spray behavior

Understanding droplet size evolution in the spray plume is key to characterizing ionization

efficiency in PS-MS. Espyet al. [8] measured droplet size distributions along the spray axis and
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Figure 2.6 Droplet size histograms measured between 3 and 8 mm from the paper spray tip
with a Phase Doppler Particle Anemometry (PDPA). The solvent was 80/20 MeOH:H50,
with a flow rate of 5.0 pLmin~! and a spray voltage of +4500 V. Adapted from [8], under
the terms of the Creative Commons Attribution License (CC BY 4.0).

at off-axis positions (Figure 2.6). Results show that droplet size decreases with distance from
the paper tip due to solvent evaporation and Coulomb fission, while larger droplets dominate
near the tip. Off-axis measurements revealed a high abundance of smaller droplets, likely
emitted from peripheral jets. This spatial variation highlights the heterogeneous nature of

PSI, influenced by localized electric fields and the paper’s microstructure.

Together, axial and off-axis data provide insight into the physical mechanisms shaping droplet

formation and evolution within the spray plume.

2.3.3 Effect of paper thickness

The thickness of the paper substrate is a critical geometric parameter in PS-MS, as it affects
the sharpness of the emitter tip and the electric field distribution [9]. In single cone-jet

mode, increasing thickness raises the onset voltage, which can be explained by treating the
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thickness as the effective emitter radius in Equation 2.4. In contrast, rim-jet mode exhibits
lower onset voltages with thicker paper, as the wider spacing between peripheral jets reduces
electrostatic repulsion and promotes stable spray formation. For the multi-jet mode, onset
voltage remains relatively unchanged, since the limited number of jets is already spaced far

enough to minimize interaction.

Overall, paper thickness modulates both emitter geometry and jet distribution, depending
on the spray regime. Optimizing this parameter is essential to achieving efficient and stable

ionization.

2.3.4 Impact of solvent flow rate on spray mode and signal intensity

As shown by Nguyen et al. [9] and Vandergrift et al. [34], increasing the solvent flow rate
from 20 to 80 pL/min at a constant spray voltage induces a transition in spray modes—from
rim-jet, to multi-jet, and to the single cone-jet mode. This observation highlights that the
spray mode is also influenced only by the quantity of solvent delivered to the paper tip. At
lower flow rates, the solvent film is thinner, resulting in higher local charge density under
the same electric field. This elevated charge density enhances electrostatic repulsion between
the forming droplets, favoring the development of multiple rim-jets instead of a stable single
cone-jet. Consequently, controlling the solvent flow rate is essential for achieving the desired
spray mode. Nonetheless, lower flow rates produce smaller droplets, which evaporate more

efficiently and thus improve ion desolvation and gas-phase ion production [8].

However, this introduces a trade-off: Lower flow rates produce smaller, highly charged
droplets, enhancing ionization efficiency. Yet, very low flow rates tend to produce unsta-

ble spray modes (rim-jet or pulsating spray), which reduce reproducibility.

2.3.5 Effect of the properties of the paper surface on the spray mode

The wettability of the paper substrate plays a critical role in PS-MS ionization efficiency.
Damon et al. [35] showed that optimal signal is achieved when the substrate’s surface energy
closely matches the solvent’s surface tension. Highly hydrophobic papers impair wetting and
destabilize Taylor cone formation, while overly hydrophilic ones absorb solvent too rapidly,
limiting charge droplet accumulation at the tip and reducing ionization—especially at low

voltages.
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2.3.6 Role of the solvent in PS-MS

The physicochemical properties of the solvent—such as polarity, surface tension, volatility,
and conductivity—directly influence the generation of charged droplets. When the solvent
is poorly matched to the analyte or paper surface, or fails to support a stable Taylor cone,

ionization efficiency may be significantly reduced, leading to suppressed signal intensity.

This phenomenon, known as ionization suppression, occurs when the ionization of a target
analyte is reduced by co-existing compounds in the sample matrix. In PSI, analytes and ma-
trix components compete for limited surface charge during droplet formation. More volatile,
surface-active, or easily ionized species tend to dominate, reducing the signal of less com-
petitive analytes. This can lead to significant signal loss, especially for low-concentration or
poorly ionizing compounds. Optimizing the solvent is therefore essential to balance volatil-
ity, conductivity, and analyte affinity while minimizing matrix effects and enhancing PSI-MS

sensitivity.

Furthermore, during the ionization, the evaporation of the droplets is not uniform: more
volatile components (e.g., water or organic solvents) are lost preferentially. As the solvent
evaporates, the volume of the droplet decreases, but the amount of non-volatile solutes (in-
cluding acids or buffer components) remains constant. This leads to an increase in solute
concentration, which in turn lowers the pH of the droplet. This acidification effect has been
well documented [36]. This pH shift can significantly alter the chemical environment within

the droplet before complete desolvation and ion formation occur. For instance:

o It can change the protonation state of analytes, affecting their ionization efficiency.
o It may alter the charge state distribution, especially in sensitive species like proteins.

o It can even promote in-source chemical reactions, such as redox processes or fragmen-

tation.

Selecting an optimal solvent composition in PS-MS remains a significant challenge [37].
Methanol /water mixtures are the most commonly used solvents, particularly in the anal-
ysis of proteins. As noted by Ueda et al. [38], conventional PS-MS workflows typically
employ methanol-water systems for both small molecule and protein detection. Several re-
views on ambient ionization techniques also highlight this solvent system as the standard in
PS-MS for large biomolecules due to its ability to balance desolvation efficiency and ioniza-
tion stability [14,38]. Methanol, being highly volatile, facilitates rapid solvent evaporation

and enhances droplet desorption, which is beneficial for ionization. However, solvents with
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low surface tension, such as pure methanol, have a reduced capacity to sustain charge ac-
cumulation at the liquid—air interface. As reported by Girod et al. [39], this can result in
poor charge density at the paper tip, impairing the formation of a stable Taylor cone. This
highlights the need for careful tuning of solvent volatility, surface tension, and conductivity

to ensure efficient and reproducible PSI operation.

2.3.7 Effect of the tip angle

As demonstrated by [10], tip sharpness plays a critical role in initiating the electrospray
process in PSI. This requirement underpins the characteristic triangular geometry of paper
substrates used in PSI. Electric field simulations have shown that the field intensity is max-
imized at the apex of the paper tip and increases as the tip angle decreases [10,13,40], as
illustrated in Figure 2.7. In this context, the tip angle is widely recognized as a key geometric

parameter influencing spray formation.

Figure 2.7 Electric field strength at the paper substrate tip as a function of tip angle for a
given paper type and solvent system, as studied by [10]. Reproduced from [10], under the
terms of the Creative Commons Attribution License (CC BY 4.0).

In general, tip angles between 30° and 45° are commonly reported to yield optimal ionization
efficiency and signal intensity in PS-MS [40,41]. Angles sharper than 15° may lead to unstable
sprays due to excessively narrow plume geometries, while very wide tips (e.g., 150°) often

fail to initiate any spray.

Zhu et al. [40] showed that reducing the tip angle leads to narrower spray plumes, enhancing
the transmission of charged droplets into the mass spectrometer inlet. However, [10] high-

lighted that spray performance can vary with the type of paper, solvent system, and analyte,
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suggesting that wider angles may still be effective in specific cases (see Figure 2.8).

Figure 2.8 Relative mass spectrometric intensity for different tip angles (30°, 60°, 90°, and
120°) [10]. Note: this experiment depends on both the paper type and the analyte. Repro-
duced from [10] under the terms of the Creative Commons Attribution License (CC BY 4.0).

Despite these trends, a universal consensus on the optimal tip angle has not been reached.
Several studies emphasize that spray performance is influenced by a complex interplay of
variables, including the paper’s physical characteristics (e.g., thickness, porosity, and wetta-
bility), the solvent composition (surface tension, viscosity, volatility), applied voltage, ambi-
ent conditions, and the overall device design, including the distance between the paper tip
and the MS inlet [41]. In summary, while sharper tip angles (typically below 45°) are gen-
erally advantageous for initiating and sustaining electrospray, their effectiveness is strongly
modulated by other parameters. Optimal performance must therefore be assessed in the

context of the complete system configuration, rather than relying on tip geometry alone.

2.4 Enhancements in PS-MS

2.4.1 Structural modifications of paper substrates

Conventional cellulose-based substrates can limit the sensitivity, reproducibility, or selectiv-
ity of PS-MS [10, 14]. To overcome these limitations, recent advancements have focused on
substrate functionalization using materials like polystyrene microspheres, graphene, or car-
bon nanotubes [10,38]. These materials improve analyte extraction, ionization efficiency, and
spray stability. Carbon nanotubes enhance ionization by increasing local electric field inten-

sity [10]. Wang et al. reported that coating paper with polystyrene microspheres improved
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sensitivity, with Limit of Quantification (LOQ) as low as 0.004-0.084 ng/mL [42]. Simi-
larly, Ji et al. demonstrated that triangular devices coated with Mesoporous Graphene Foam
(MGF) significantly improved analytical performance [43]. Their method achieved a 10-fold
expansion in dynamic range, LOQ down to 1 pg/mL, and enabled detection in saliva using
just 0.5 pl. without pretreatment. Moreover, efficient ionization was achieved at reduced
voltages (2.4 kV wvs 3.5 kV). These functional coatings illustrate the potential of substrate
engineering to enhance PS-MS sensitivity, selectivity, and robustness while preserving its

simplicity.

2.4.2 Geometric advances in paper substrates for PS-MS

The geometry of the paper substrate plays a central role in the performance of PS-MS. Most
commonly, a simple isosceles triangular shape is used, with the base serving as the sample
loading zone and the apex as the spray tip. The dimensions and tip angle vary between
studies, as they are often optimized based on the paper type, solvent system, and target

analytes.

However, conventional geometries can be limited in controlling sample flow, spray repro-
ducibility, or analyte retention. Recent studies have explored more sophisticated geometrical

modifications to overcome these challenges.

One strategy involves embedding hydrophobic/hydrophilic microfluidic channels directly into
the paper to better guide solvent flow and control droplet formation [44]. These guided path-
ways minimize analyte diffusion, improve reproducibility, and stabilize the spray. Additional
innovations include the incorporation of sample reservoirs, defined storage zones, and mul-
tilayer paper designs, which help regulate solvent delivery and enhance desolvation [45].
Complex paper architectures—such as chevron patterns, branched channels, and 3D stacked
layers—have been developed in PS-MS to enable sample pre-concentration, multi-analyte
detection, and integrated fluidic control. These designs often incorporate additional compo-

nents or materials into the paper structure to enhance functionality.

2.4.3 PS-MS development for clinical practices

PS-MS has shown strong potential for analyzing complex biological samples [46]. It enables
direct testing of materials such as dried blood spots or urine with minimal sample preparation
and can detect drugs at very low concentrations (ng/mL or lower) [37]. It has also been
applied to distinguish lipid profiles in tissue samples, aiding in the differentiation between

cancerous and healthy prostate tissue [47].
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Although PS-MS is not yet widely adopted in clinical settings, multiple studies have demon-
strated its ability to detect drugs at clinically relevant levels. For instance, Su et al. [37]
successfully quantified eight drugs in whole blood, all at concentrations below typical thera-

peutic thresholds.

Protein detection using PS-MS remains more challenging due to strong adsorption of pro-
teins onto paper fibers and reduced ionization efficiency with excessive solvent use [15,31].
To address this, recent strategies—such as using synthetic paper [15], applying functional
coatings like dendrimers or graphene foam [43], and incorporating printed microchannels and

reservoirs [48, 49]—have significantly enhanced sensitivity, reaching detection limits below
1 pg/mL.

Despite these improvements, PS-MS is not yet a standard tool for clinical protein analysis.
Further research is needed to optimize surface chemistry and develop robust workflows—such
as on-paper enzymatic digestion—to support reliable protein detection in medical applica-
tions [46].

2.5 Challenges in PS-MS

Despite increasing interest in PS-MS for quantitative analysis, several key challenges hinder
its reproducibility and broader adoption [13]. PS-MS performance is highly sensitive to
variables such as paper type, tip geometry, solvent composition, and the distance between the
paper tip and the mass spectrometer inlet. These factors directly affect ionization efficiency,
spray stability, and detection limits. Another limitation is the risk of cross-contamination,
which can arise either from chemical interactions with the paper substrate or from impurities
inherent to the paper itself. To ensure analytical reliability, proper sample handling and

thorough cleaning protocols are therefore essential [50].

PS-MS remains an incompletely understood technique. Ionization efficiency is influenced not
only by the chemical properties of the analyte but also by the physical characteristics of the
paper substrate—such as its porosity and possible tip deformation caused by gravity when
the paper becomes saturated with solvent. These factors influence capillary-driven solvent
transport and electric field distribution, both of which impact spray reproducibility. Sharper
tip angles concentrate the electric field at the apex, enhancing ion emission [13], whereas

excess solvent or drying can lead to an unstable signal.

In summary, while PS-MS offers great potential for fast, low-cost analysis of small molecules
in biofluids, several issues must be addressed before the method can reach its full diagnostic

potential:



Standardization of paper substrates and solvent systems,
Precise control of electrospray geometry and solvent flow,
Improved compatibility with large biomolecules (e.g., proteins),

Integration into reproducible and portable diagnostic platforms.

21
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CHAPTER 3 PROBLEM AND RESEARCH OBJECTIVES

3.1 Problem statement

While PS-MS has been relatively well characterized and successfully applied for the analysis
of small molecules, important limitations remain—particularly regarding the comprehensive
understanding of the underlying ionization mechanisms. No standardized protocol has yet
been established, and PS-MS performance is highly sensitive to experimental conditions such
as solvent composition, paper substrate type, and fabrication methods. Each of these factors
can significantly influence signal intensity, ionization efficiency, and overall reproducibility. A
deeper understanding of these dependencies is still needed to ensure consistent and reliable

results across different laboratories and applications.

Moreover, the application of PS-MS to protein analysis remains limited. Proteins present
additional challenges due to their high molecular weight, structural complexity, and broad
charge state distributions under ambient conditions. These factors make them significantly
more difficult to analyze than small molecules, and they currently hinder the broader adoption

of PS-MS in proteomics and biomedical contexts.

In this study, we specifically focus on the characterization of PS-MS using a custom-designed
wPAD developed in our laboratory, with the aim of analyzing proteins. As a model system,
we selected myoglobin due to its well-known structure and relevance in biomedical research.
Proteins such as myoglobin present greater analytical challenges than small molecules, owing
to their higher molecular weight, complex tertiary structure, and less predictable ionization

behavior under ambient conditions.

3.2 Objectives of the research

e To evaluate and characterize the performance of PS-MS technique under a range of

experimental conditions using our custom-designed uPAD .

o To investigate the physicochemical properties and functional behavior of the paper

substrates employed in the PS-MS configuration.

o To enhance our understanding of the fundamental mechanisms underlying PSI, includ-
ing droplet formation, solvent evaporation (desolvation), and the generation of multiply

charged ions.



23

CHAPTER 4 EXPERIMENTAL METHODS

4.1 Reactants and chemicals

4.1.1 Myoglobin properties

The protein selected as a model in this study to evaluate the PS-MS technique using our

custom-designed device is myoglobin. Its key properties are summarized below [51]:

e Number of amino acids: 154.
o Molecular weight: Approximately 17,87 kDa.
o Composition: Hydrophobic core with a hydrophilic and charged exterior.

» Isoelectric point (pI): Between 6.8 and 7.3. At pH values below its pl, myoglobin

carries a net positive charge due to a higher number of protonated groups.

Myoglobin exists in two forms: the holo-form, which includes the heme group (iron-containing
cofactor), and the apo-form, which lacks this group. The presence of the heme stabilizes
the protein’s compact structure, resulting in lower charge states. Conversely, removal of the
heme leads to partial unfolding and an increase in accessible protonation sites, yielding higher

charge states in the mass spectrum [11].

Figure 4.1 3D structure of myoglobin containing the heme group. [11]



4.1.2 Solutions used in PS-MS Experiments

In order to investigate the effect of pH on the PS-MS experiments, acetic acid (CH3COOH)

was used as the pH-modifying component.

The solvent used for the PS-MS experiments consisted of a 1:1 (v/v) mixture of methanol
and water, containing 50 ptM myoglobin and a defined percentage z of acetic acid to adjust

the pH. In total, three solutions with different pH values were prepared. The measured pH

values are presented in Table 4.1.

Table 4.1 Measured pH of sample solutions composed of a 1:1 (v/v) mixture of methanol and
water, containing 50 pM myoglobin and varying concentrations of acetic acid. The pH was

determined by the Concordia laboratory using a pH meter.

Acetic acid concentration (% v/v) | Measured pH and acidity description
0.1% Weakly acidic; pH = 3.3
1% Moderately acidic; pH = 2.8
3% Strongly acidic; pH = 2.0

All solutions were prepared by collaborators at Concordia University.
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4.2 Material

In this study, four different types of paper used for the PS-MS experiments were purchased
from Cytiva Whatman. These papers exhibit varying properties, notably in terms of thick-
ness, porosity, and chemical composition. The characteristics of each paper type are summa-

rized in Table 4.2. All of them are classified as filter papers.

Table 4.2 Characteristics of the different Whatman papers used in this study. All properties
were obtained from the Cytiva Whatman manufacturor.

Paper Type | Particle Retention (ym) | Thickness (ym) | Comment

Whatman 1 11 180
Whatman 2 8 190
Whatman 4 20-25 205
Whatman 114 25 190 High wet strength due to the ad-

dition of a small amount of chem-
ically stable resin.

Note: Particle retention here refers to the material’s capacity to retain particles of a given

size, meaning it can effectively block particles equal to or larger than that size.

Note 2: Due to availability constraints, we used commercially available Whatman papers,
where each pore size is associated with a specific thickness. As a result, it was not possible
to independently control the pore size and thickness. This limitation is acknowledged and

taken into account in the analysis.

4.3 Fabrication of the yPADs

This section focuses on the fabrication process of the device itself rather than on the design
of its geometry. Indeed, the process used for the conception and development of the yPAD
geometry was part of previous work and is described in Appendix B (PRELIMINARY WORK).
The geometry was created using the FreeCAD software.

Triangular microfluidic devices were fabricated from Whatman filter paper and patterned
using a Rayjet desktop laser engraver (Trotec). Laser cutting was performed using the fol-
lowing optimized parameters: power = 1,44 W, speed = bmm/s, and frequency = 2000 Hz,

to ensure precise geometry without burning or damaging the paper structure.

Each chip was laser-cut into an isosceles triangular shape with a height of 24.14 mm and a
base width of 20 mm. The tip angle was adjusted according to the experimental conditions
(15°, 30°, or 45°). The overall geometry of all uPADs, including the channel network and the
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reservoir radius, remained identical; only the tip angle differed, with its dimensions specified
individually for each design. A central microfluidic channel was integrated during the laser-
cutting process, terminating in a circular reservoir shaped like a microbubble with a radius
of 4.11 mm. This reservoir served as a liquid storage zone, allowing for controlled sample
introduction into the porous substrate. The channel measured 8.43 mm in length and 2 mm

in width. The geometrical details are presented in Figure 4.2.

(a) puPAD with a 45° tip (b) pPAD with a 30° tip (c) pPAD with a 15° tip

Figure 4.2 Geometrical designs of the uPADs with three different tip configurations. Black
lines indicate the laser cutting paths. All dimensions are given in millimeters (mm). Zoomed
views of the triangular tips at 15° and 30° are provided to highlight the design differences.

After deposition onto the circular reservoir, the liquid flows toward the tip of the device
by capillary action, guided by the linear geometry of the channel. A narrow region was
preserved at the end of the channel near the spray tip to confine and direct the liquid flow
(see Figure 4.2).

Following laser processing, the pPADs were cleaned using an ultrasonic bath to eliminate
debris and potential contaminants induce in the paper and by the Rayjet desktop laser
engraver (Trotec). Each chip was rinsed three times with ultrapure water (180 seconds per
wash). This cleaning step is critical to avoid clogging at the tip, to preserve capillary-driven
flow within the porous matrix, and to ensure reproducible and clean spray performance during

analysis.
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After cleaning, functional components were added. To ensure unidirectional flow of the liquid
toward the tip a drop of epoxy resin was applied just behind the reservoir area and cured at

room temperature for 48 hours.

Figure 4.3 Schematic representation of the uPAD with epoxy coating highlighted in blue.

Finally, electrical contact between the solvent and the high-voltage power supply was estab-
lished by attaching a strip of copper foil to the rear end of the paper device. This connection

ensured a stable and efficient electrical interface during PSI.

Figure 4.4 Schematic representation of the pPAD with epoxy (blue) and copper foil (orange-
brown) additions.

Finally, the fabricated uPADs with different tip angles are shown in Figure 4.5.
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Figure 4.5 Photographs of the three fabricated uPADs with different tip angles (15°, 30°,
and 45°).

4.4 Electron Microscopy

Microstructural analysis was carried out using an Environmental Scanning Electron Micro-
scope (ESEM) Quattro, available at Polytechnique Montréal in the Center for Characteriza-
tion and Microscopy of Materials (CM)2. Quantitative measurements were extracted from
high-resolution ESEM images using the ImageJ software, allowing for the estimation of geo-

metrical pore sizes and structural features.

4.5 Flow rate analysis

To model liquid infiltration in the porous matrix, we used the classical Lucas—Washburn
equation (Eq. 2.1). In the solvent wicking characterization, the objective was to track the
position of the advancing liquid front over time. By fitting the experimental data to the
Lucas—Washburn model, we estimated the solvent flow rate through the paper. For this pur-
pose, rectangular strips of cellulose paper were laser-cut with precisely controlled dimensions
(width 2 mm and length 12mm), incorporating a circular reservoir region at the base to

mimic the geometry of the yPADs.
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Figure 4.6 Schematic of the device used to determine the flow rate of the solvent for each
type of paper.

A volume of 5pL of a methanol:water mixture (1:1 v/v) was deposited onto the circular
reservoir of each strip using a micropipette. The liquid infiltrated the paper via capillary
action, forming a visible advancing front. As shown in Figure 4.7, the advancement of the
liquid front within the paper strip is clearly visible over time. Figure 4.7a displays the liquid
front at time t;, while Figure 4.7b shows it at a later time ¢y (t; < t9), illustrating the

progression of the liquid front over time.

(a) Liquid front at ¢; (b) Liquid front at to

Figure 4.7 Comparison of the liquid front positions at two different times (¢; < t3). The
dotted line represents the initial position at time t=0, serving as the reference point for
measuring the advancement of the liquid front.
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The progression of this front was recorded using a smartphone camera. Subsequently, video
analysis was performed using Movavi Video Editor 25 (temporal resolution of approximately
0.001 s), and the position of the liquid front at each time point was extracted using ImageJ,

enabling high temporal and spatial accuracy.

The physical parameters of the methanol-water mixture used in the model are listed in

Table 4.3, and are necessary for applying the Lucas—Washburn equation.

Table 4.3 Physicochemical properties of the methanol:water (1:1 v/v) mixture at 20°C.

Property Value Remarks / Source

Contact angle on cellulose 32-35° Voda et al. [1]

Surface tension 40-42 mN/m | Interpolation between MeOH and H;O
Dynamic viscosity 1.4-1.6 mPa-s | Voda et al. [1]

Note: Although resin was added to Whatman 114, its contact angle was not measured; for

consistency and due to experimental constraints, the same value is assumed for all paper

types.

4.6 Finite element modeling simulations

Finite element modeling (FEM) simulations of the paper-based chips were performed using
COMSOL Multiphysics® version 6.1 (COMSOL Inc., Burlington, MA, USA).

4.7 PS-MS Experimental Setup

4.7.1 Mass Spectrometer Specifications

All experiments of PS-MS were performed using a high-resolution LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific) operating in positive ionization mode at Concordia
Center for Biological Applications of Mass Spectrometry (CBAMS) located at Concordia

University. See Table 4.4 for the technical specifications.

Table 4.4 Key specifications of the LTQ Orbitrap Velos mass spectrometer

Parameter Value

Orbitrap resolution Up to 60,000 at m/z = 400

Mass accuracy < 2 ppm with internal recalibration
m/z range Typically 50-6000

MS/MS acquisition rate | Up to 10 spectra/s

Ton trap Dual linear ion trap (Velos)
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4.7.2 PS-MS setup

Before doing PS-MS with our uPADs, as a control, solid triangular paper cut-outs (3 cm
base x 2 cm height), without any microfluidic channel, were used. These served as negative
controls to confirm that the spray effect was directly related to the presence of a functional
microfluidic channel. For standard calibration, a 5 pM solution of crystal violet was used.
Crystal violet was chosen due to its high ionization efficiency in positive mode and its char-
acteristic purple color [52], which allowed for easy visual tracking of its migration through

the paper substrate.

Prior to any electrical connection, the uPADs were mounted on the source platform and
positioned approximately 5 mm from the inlet of the mass spectrometer. The copper foil
located at the rear of the chip was then connected to the high-voltage probe. All high-
voltage operations were conducted under safe and controlled conditions. A shielded and
properly insulated high-voltage cable was used to connect the power supply to the probe.
The high voltage remained off during installation to allow safe handling and secure clipping

of the paper chip.

Only after the setup was fully completed was the high voltage applied. A voltage of 3.5 kV
was used in positive ion mode to initiate the PSI process. Previous work conducted in the
laboratory demonstrated that this voltage yields consistent and reliable results, making it
well-suited for the optimized PADs. Therefore, this value was used as the standard applied

voltage for all subsequent PS-MS experiments.

Following pPADs positionning, the voltage turned off, and a small aliquot of 20 pL of the
sample solution was deposited directly onto the reservoir of the chip to initiate ionization.

The high voltage was then turned on.
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(a) View of the PS-MS (b) Close up of the pPAD at the inlet of the

experimental setup. mass spectrometer.

Figure 4.8 (a) and (b) illustrate the positioning of the fPAD and the overall mass spectrom-
etry setup.

As soon as the high voltage was applied, mass spectra were continuously recorded over time.
This allowed real-time monitoring of signal evolution, with the technician—responsible for
both safety and instrument operation—observing the live intensity versus m/z traces using
the Xcalibur software (Thermo Fisher), which enables the visualization and analysis of mass
spectra. At this stage, the objective was to maximize signal intensity. For a particular device,
during the acquisition, the chip’s position relative to the MS inlet was adjusted to maximize
the signal. The position was considered optimal once the spectrum stabilized and the signal
reached a consistent maximum. The ionization process typically lasted for approximately
between 1 and 2 minutes until the signal gradually diminished due to solvent evaporation

(methanol being highly volatile).
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Figure 4.9 Photograph of the pPAD during PS-MS experiment.

Mass spectral data were acquired and processed using the Xcalibur software (see Figure 7.1).

4.8 Data analysis and statistics

Each mass spectrum obtained during the PS-MS experiments (see Chapter 7) was fitted
with a Gaussian function to extract the peak center (i), width (o), and amplitude (A). This
model provides a robust basis for comparing signal profiles, as mass spectral peaks typically

exhibit symmetric, bell-shaped distributions due to instrumental and statistical effects.
In this context:

o A corresponds to the maximum intensity.

o 1 represents the most probable charge state.

» o reflects the spread of the charge state distribution.

Pearson’s correlation coefficient () was calculated to assess the relationships between these
Gaussian parameters and experimental variables, including tip angle, retention pore size, and
a flow rate rank reflecting the paper’s physicochemical properties. Correlations with |r| > 0.5

were considered significant.
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CHAPTER 5 CHARACTERIZATION OF PAPERS

To characterize the microstructure of the paper substrates used in this study, ESEM technique
was performed. The investigated materials included Whatman 1, Whatman 2, Whatman
4, and Whatman 114 filter papers as described in Section 4.2. ESEM provided valuable
insights into fiber morphology, pore distribution, and surface roughness—key parameters

that significantly influence capillary flow and spray formation in PS-MS.

5.1 Paper microstructure

(a) Whatman 1 tip angle 15°. (b) Whatman 2 tip angle 15°.

(c) Whatman 4 tip angle 15°. (d) Whatman 114 tip angle 15°.

Figure 5.1 ESEM images of the tip microstructure of Whatman 1, Whatman 2, Whatman 4,
and Whatman 114 papers, all cut with a tip angle of 15° (magnification 50 x).



35

Figure 5.1 shows that Whatman 2 exhibits a denser fiber network than the other Whatman
paper types, while Whatman 1 presents a similar but slightly lower fiber density, consistent
with the manufacturer’s specifications. In contrast, Whatman 114 features a significantly
more open structure, with no discernible resin layer observed at this magnification. A tip

angle of 15° was arbitrarily chosen to illustrate the paper microstructure.

5.2 Tip angle characterization

This section is intended to illustrate the particular fiber arrangement at the tip right after
the laser-cut process. As shown in Figures 5.2a and 5.2b, the fibers near the tip are oriented
outward, acting as natural emitters that enable rim-jet or multi-jet mode formation. This

effect varies with the tip angle but remains consistent across all paper types.
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(a) Whatman 1 tip with a 45° angle at 150x
magnification.

(b) Whatman 114 tip with a 15° angle at 150x
magnification.

Figure 5.2 ESEM images of the microstructure near the tip region of laser-cut paper sub-
strates. The red arrows indicate the natural emitters.

5.3 Flow rate analysis using the Lucas - Washburn model

This study investigated solvent flow rates in different paper types by measuring the advance-
ment of the liquid front L over time. As shown in Section 4.5, the progression of the solvent

front is clearly visible.

The measured liquid front positions L(t) were fitted to the Lucas—Washburn equation (see
Eq. 2.1) in order to extract the corresponding coefficients k (see Eq. 2.2), thereby charac-

terizing the transport properties of the 1:1 (v/v) methanol-water mixture solvent used in
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the PS-MS experiments (see Chapter 7). The validity of the model was confirmed by the
linear relationship observed between L and v/t for all paper types. An illustrative example is
provided in Figure 5.3, where the fitting curve demonstrates the expected linear dependence

of distance on the square root of time.

Figure 5.3 Liquid front progression over time using the Lucas—Washburn Model on Whatman
114 paper.

From the experimentally determined £ values, obtained from three replicates per paper type,
we estimated key parameters such as the pore radius r. The results, summarized in Ta-
ble 5.1, are presented as mean + SD (Standard Deviation) and compared with expected

characteristics reported for each paper type.

Table 5.1 Lucas—Washburn coefficient and pore radius for different Whatman paper types.
Values are given as mean £ SD.

Paper Type | Lucas-Washburn Coefficient (cm-s~'/2) | Pore Radius (jm)
Whatman 1 0.98 £0.13 8.53 £2.16
Whatman 2 0.84 +0.21 6.45 + 291
Whatman 4 0.95 £0.041 7.82£0.68
Whatman 114 1.10 £ 0.14 10.1 £ 2.55

Among the tested papers, Whatman 114 demonstrates the highest solvent flow rate, followed
in decreasing order by Whatman 1, Whatman 4, and Whatman 2. The measured values are

generally consistent with the commercial specifications (see Table 4.2). Indeed, Whatman 2
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exhibits the lowest estimated pore size retention, which is in agreement with its Lucas—
Washburn coefficient, remaining the lowest among the tested papers. In our experiments,
Whatman 4 showed a slower wicking behavior than Whatman 1. One possible explanation
lies in the thickness of the paper: although Whatman 4 has larger pores than Whatman 1, its
greater thickness may allow more fluid to be absorbed overall, thereby affecting the observed
front propagation rate. Additionally, Whatman 1 appears to behave slightly slower than
Whatman 114, which is consistent with their structural properties. The presence of resin in
Whatman 114 could increases its contact angle (although this was not measured, it can be

hypothesized to be higher than in the other papers), thus influencing capillary flow dynamics.

These results confirm that the Lucas—Washburn model is applicable to our system. Addition-
ally, they offer valuable insights into the relative capillary-driven solvent transport behavior
for each paper type. Overall, this model effectively captures the influence of thickness, pore

size, and composition in a single parameter.

5.4 Effect of epoxy on the paper microstructure

To further investigate the effect of epoxy application, we examined the microstructure of
paper samples coated with epoxy. As shown in Figure 5.4, the epoxy effectively seals the
pores of the paper. The resulting change in surface appearance and color reflects the presence
of a uniform epoxy layer on the substrate. This color change can be attributed to the sealing
of the pores and the formation of a continuous polymeric film. By reducing surface roughness
and pore-induced light scattering, the epoxy modifies the optical response of the substrate.
Furthermore, the difference in refractive index between cellulose fibers and epoxy alters light

reflection and absorption, thereby contributing to the observed color change.
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(a) Before epoxy (b) After epoxy

Figure 5.4 ESEM images of the microstructure of Whatman 2 paper before and after epoxy
application (magnification x2000).

Figure 5.4 presents the case of Whatman 2; similar observations were made across all tested

paper types.

5.5 Laser cut side effect

An ESEM image of the cross-section of the laser-cut paper reveals the presence of a thin
deposited layer along the edges, suggesting that the tip region is not structurally homogeneous
with the bulk of the paper. This localized modification is most likely the result of thermal
effects induced by the laser cutting process. In this region, the overlap of two Gaussian beam
profiles results in repeated exposure and intensified heating, effectively burning the edges
twice (see explanation below). The exact nature and composition of this layer, however,

remain to be determined and warrant further investigation.

This phenomenon is consistently observed in Whatman 1, 2, and 4, where a distinct edge
layer appears following laser processing (see Figure 5.5a). In contrast, Whatman 114 exhibits
a noticeably smoother and less rough edge surface (see Figure 5.5b). This difference may
be attributed to the presence of a resin coating in Whatman 114, which could modify the

material’s interaction with the laser and affect the extent of thermal alteration.
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(a) ESEM image of a Whatman 2 paper tip with
a 30° tip angle, captured at x2000 magnification.

(b) ESEM image of a Whatman 114 paper tip
with a 45° tip angle captured at magnification
x500

Figure 5.5 ESEM images of laser-cut paper tips showing microstructural features at the edge.
A thin deposited layer can be observed in both cases, suggesting local thermal modifications
due to the cutting process.

Moreover, during the fabrication of the yPADs tips by laser cutting, a discrepancy was
observed between the angles defined in FreeCAD and the actual angles measured after cutting
(see Figure 5.7). This mismatch is attributed to the finite focal width of the laser beam.
Since the beam is conically focused, its waist defines a minimum cutting resolution: instead
of producing a perfectly sharp intersection at the tip, the effective spot size broadens the cut
and produces edges rounding (see Figure 5.6). The two edges of the laser that allow the cut

of the chip tip partially overlap without converging to a mathematically sharp point. As a
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result, the final geometry differs slightly from the intended design.

Figure 5.6 Schematic illustration of the laser beam focal path (red) intersecting the paper
material (black lines) during cutting. Not drawn to scale.

To assess this effect, the tip angles were experimentally measured on Whatman 4 paper,
used here as a reference substrate. In Figure 5.7, the nominal angles defined in the FreeCAD
model are shown in black, while the values measured with ImageJ are highlighted in red.
The measured angles were consistently larger than the intended ones, revealing a systematic
deviation introduced by the laser cutting process. Although no statistical error analysis was
performed (as only one measurement per design was taken), these results clearly demonstrate

the inherent limitation of the method.
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(a) Target angle: 15° (b) Target angle: 30°

(c) Target angle: 45°

Figure 5.7 Tip angles obtained after laser cutting Whatman 4 paper. The nominal FreeCAD-
defined angles are indicated in black, while the angles measured in ImageJ are shown in red.

For the remainder of this study, the experimentally measured tip angles are considered as
the effective values. Although they differ from the theoretical ones, the order of magnitude
remains consistent. To illustrate this deviation, consider the case of a tip defined with a

nominal angle of 15°. This angle corresponds to a theoretical base width of:

iheoretical = 2 X h X tan(15°) = 2 x 2mm X tan(15°) &~ 0.525 mm

After cutting, however, the actual measured angle was 19.3°, corresponding to a base width
of:
breasured = 2 X h X tan(19.3°) ~ 0.7 mm

The resulting difference in base width is:

Ab = bpeasured — Ptheoretical = 0.7mm — 0.525 mm = 0.175 mm
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Assuming this excess width is symmetrically distributed on both sides of the tip, the effective

laser beam radius at the focal point can be estimated as:

A 1
Tfocus = 2b = 70 275 = 0.0875 mm

These results suggest that the theoretical sharpness of a laser-cut tip is inherently limited by

the focal spot size of the beam, which sets the minimum achievable resolution.

Although laser cutting cannot produce a perfectly sharp apex due to the finite beam waist
and the Gaussian intensity profile, this limitation does not affect the functionality of the
paper spray tip. The theoretical sharpness limit depends on optical parameters and varies
with paper properties such as porosity and thickness. Calculating this limit precisely and
optimizing for each material would require extensive calibration beyond the scope of this
work. Instead, laser cutting provides sufficient sharpness, high reproducibility, and remains

the most practical and scalable method for fabricating uPADs.
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CHAPTER 6 COMSOL SPRAY SIMULATIONS

6.1 Model definition

A simulation was performed using COMSOL Multiphysics software to gain insight into the
physical phenomena involved in PS-MS. The simulation domain consists of a porous medium
surrounded by air, representing the typical paper—air interface encountered during PSI. The
porous medium is modeled as a triangular domain, replicating the geometry of the experi-
mental chip tip and obeying Darcy’s law for fluid flow in porous materials. To model the PSI
process, a static high voltage was applied between the base of the triangular chip (serving as
the anode) and a fine rectangular electrode (representing the grounded mass spectrometer

inlet), thereby reproducing the experimental conditions used to initiate spray.

Figure 6.1 COMSOL Multiphysics interface used for simulating PSI at a 45° tip angle.

In this COMSOL simulation, the paper tip is considered pre-soaked with liquid and already
saturated at time ¢t = 0. At that moment, a high voltage of 3.5 kV is applied across the
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system to simulate the experimental triggering of the electrospray process.

6.1.1 Physics interfaces

The following physics interfaces are used in the COMSOL model:

e Laminar Flow — includes the volume force from the electric field.
e Level Set — used to track the fluid—air interface.
o Electrostatics — defines the applied potential and resulting electric field.

o Darcy’s Law — governs fluid transport within the porous paper substrate, accounting

for permeability and porosity.
o Multiphysics Couplings — enables interactions between fluid flow, electric forces,
and interface tracking.
6.1.2 Initial conditions

o Laminar Flow: The air domain was initialized with zero velocity and zero pressure

to simplify the simulation (@ = 0 m/s, pp = 0 Pa).

« Electrostatics: No initial electric potential or electric field distribution was defined

within the domain.

e Porous Medium: The liquid was absorbed by a horizontally oriented paper sheet.
Since gravity acts vertically while the paper lies in the horizontal plane, no vertical
liquid column could form. Consequently, no hydrostatic pressure gradient developed

along the paper, and the Darcy pressure was considered zero (pparey = 0 Pa).

6.1.3 Boundary conditions

o Laminar Flow: A constant pressure outlet condition was applied (p = 0 Pa) at the
exit of the geometry. This allows fluid to exit the domain freely while preserving a

realistic interface between the fluid and air.

o Level Set: An open boundary condition was imposed to allow free evolution of the

interface without artificial confinement.

« Electrostatics: A constant voltage condition was applied at the electrodes.
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6.1.4 Geometric conditions

The air domain had a height of 5.6 mm and a width of 3.4mm. The ground electrode was
arbitrarily defined with a width of 1.4mm and a height of 0.005mm. To reflect realistic
experimental conditions, only the paper tip was modeled as a triangular geometry with a

fixed height of y;, = 1.982 mm, while the base width varied depending on the tip angle:

o 15° tip angle: base width = 0.5175 mm
« 30° tip angle: base width = 1.035 mm

e 45° tip angle: base width = 1.525 mm

For all tip angles, the vertical distance between the paper tip apex and the center of the
ground electrode was fixed at h = 2.95mm. Although this value does not exactly match
the experimental tip-to-inlet distance, it was chosen to simplify the simulation and ensure
numerical stability. Both the tip apex and the center of the ground electrode were aligned

along the x-axis at x4, = 1.7mm. .
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(a) Tip angle 15°. (b) Tip angle 30°.

(c) Tip angle 45°.

Figure 6.2 COMSOL domain and geometry configurations for tip angles of 15°, 30°, and 45°.

6.1.5 Parameters considered

The simulation parameters were selected according to the solvent system used (1:1 v/v
methanol-water) at different pH values (see Table A.1 in Appendix A). The paper prop-

erties correspond to Whatman 1 and are summarized in Table 6.1 below.
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Table 6.1 Physical parameters of the paper used in the simulation, consistent with reported
values for Whatman 1 filter paper.

Parameter Value (Symbol)
Relative permittivity g, = 2.06
Porosity ¢ =0.48
Pore size retention rp,=55x107% m
Paper thickness t = 0.180 mm

Note: The physical properties of Whatman 1 filter paper used in the simulation are based

on manufacturer data (Cytiva Whatman manufacturer and [53]).

The parameters listed in Table 6.1 are kept constant for all simulations presented in the

following sections.



6.2 PSI COMSOL Simulations

(a) Liquid volume visualization during PSI at
time t = 0.126 s .

(b) Electrostatic force within the liquid during
PSI at time t = 0.126 s.

Figure 6.3 PSI COMSOL simulations for the 45° with pH 3.3 at t = 0.126s

49
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The simulations shown in the Figure 6.3 correspond to a tip angle of 45° as an example. The
red region in Figure 6.3a shows the liquid moving toward the grounded electrode during the
PSI process, while Figure 6.3b displays the corresponding electrostatic force acting within
this liquid domain. More particularly, we display the electrostatic forces distribution at the

apex of the tip at time t = 0.

(a) Tip angle of 45° (b) Tip angle of 30°

(c) Tip angle of 15°

Figure 6.4 COMSOL simulations of the electrostatic force distribution for three different tip
angles: (a) 15° (b) 30°, and (c) 45°, using a solvent with pH=3.3 at ¢ =0
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In the following simulations, we focus on the electrostatic force distribution around the apex
of the tip for different solvent pH values and tip angles for the same type of paper at time t
= 0.

6.2.1 Electrostatic force distribution for the different tip angles

In order to characterize and compare the electrostatic forces across the different tip angles,

we consider the following mapping domain:

o T € [y — 0.4mm, zy, + 0.4mmj,
e y € [0mm, 2.2mm],

« with the tip coordinates defined as (x4ip, %ip) = (1.7, 1.982) mm, corresponding to the

position of the extreme point of the triangular tip.

The selected area was discretized into 100 horizontal slices along the y-axis. For each slice,
only values exceeding 10* N/m? were considered. This threshold was arbitrarily chosen in

order to eliminate background noise and residual artifacts.

The mean electrostatic force of the retained values was then calculated for each y-level. The

corresponding results are presented in Figure 6.5 and summarized in Table 6.2.

Figure 6.5 Comparison of mean electrostatic force profiles for different tip angles (15°, 30°,
and 45°). Forces are averaged over y positions and include standard deviation as error bars.
The simulation was made for Whatman 1 parameters and a solvent of pH=3.3. The tip
position along the y-axis is given by yp, = 1.982 mm.
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Table 6.2 Summary of electrostatic force (mean + SD) for different tip angles for a solvent
at pH = 3.3.

Angle (°) Force (N/m?)
15 | (3.01£1.37) x 10°
30 | (1.69 £ 0.64) x 10°
15 | (144 +£0.49) x 107

Figure 6.5 and Table 6.2 clearly show that a sharper tip angle (e.g., 15°) leads to stronger
electrostatic forces near the tip region, compared to wider angles for a pH=3.3. This trend

is consistent across all tested pH values.

Moreover, as shown in Figure 6.6, for all tip angles, the simulation reveals a tip-enhanced
electrostatic force distribution, forming a localized high-intensity lobe near the chip tip ex-

tremity. This region may play a critical role in the ionization efficiency of PS-MS.

Figure 6.6 Zoom on the electrostatic region bubble for the 45° tip angle.
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Electrostatic focusing at the tip apex for fixed angles and different pH values

The electrostatic force distribution was evaluated at each point z € [z, — 0.1 mm, 2y, + 0.1 mm)]
along the line defined by v, = 1.982 mm. This analysis was carried out for all tip angles
under different solvent pH conditions. Figure 6.7 shows the electrostatic force maps from

which the values were extracted.

(a) Tip angle of 15°. (b) Tip angle of 30°.

(c) Tip angle of 45°.°

Figure 6.7 Color maps of the electrostatic force distribution simulated in COMSOL for three
different tip angles (15°, 30°, and 45°) under identical conditions using a pH 3.3 solvent.
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(a) Tip angle of 45°.

(b) Tip angle of 30°.

(c) Tip angle of 15°.

Figure 6.8 Comparison of electrostatic force profiles along the z-axis at y;, = 1.982mm for
different tip angles (15°, 30°, and 45°) at different pH values (3.3, 2.8, and 2.0).

From Figure 6.8, it can be observed that the electrostatic force distribution is more focused

and concentrated for the tip angle of 15°.
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Electrostatic focusing near the tip at fixed pH and different tip angles

The electrostatic force distribution at a fixed pH was then examined for the different tip

angles.

(a) pH =33
(b) pH = 2.8
(c) pH = 2.0

Figure 6.9 Comparison of electrostatic force profiles along the z-axis at y;, = 1.982mm for
different pH values (3.3, 2.8, and 2.0) at different tip angles (15°, 30°, and 45°).
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Figure 6.9 illustrates the influence of tip geometry on the electrostatic force distribution under
identical pH conditions. At constant solvent pH, the 15° tip produces stronger electrostatic
confinement near the apex compared to larger angles. This effect can be attributed to a
shorter conduction path for the 15° tip, while the cross-sectional area remains constant due
to identical paper thickness. Consequently, the electrical resistance is lower for smaller tip
angles. In contrast, larger tip angles spread the electric field over a wider area, reducing field
intensity and increasing resistive behavior. All the Whatman papers have shown the same
tendency. Furthermore, the same tendency has been observed when we change the distance

from the tip to the MS inlet along the axial direction.

Although the simulated angles do not perfectly reflect the fabricated tip shapes, they provide
meaningful insight into the role of apex geometry in PSI. The deviations observed in real
samples likely have a limited effect on the qualitative conclusions drawn from the simula-
tions. Future studies could further investigate the effect of tip rounding through extended

simulations.
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CHAPTER 7 PAPER SPRAY MASS SPECTROMETRY
EXPERIMENTATIONS

In this section, a series of PS-MS measurements were conducted to evaluate the influence of
paper geometry and its intrinsic properties—particularly their physicochemical interactions
with the solvent—and the solvent pH on the signal obtained for myoglobin detection. Special
emphasis was placed on the impact of these parameters on droplet formation, desolvation,

and the charge state distribution during the generation of multiply charged ions.

Accordingly, several key parameters affecting PSI performance were investigated:

o Tip Angle: Tip angles of 15°, 30°, and 45° were investigated.

o Paper Type: The effects of pore size and thickness were evaluated using four commer-
cial paper substrates : Whatman 1, Whatman 2, Whatman 4, and Whatman 114 (see
Table 4.2). Two key indicators were considered: the Lucas—Washburn solvent flow rate

coefficient, used to establish a flow rate ranking, and the pore size retention capacity.

o pH: To assess the influence of proton availability on ionization efficiency, three solvent

pH values were investigated: 2.0, 2.8, and 3.3.

The solutions used for pH adjustment in the paper spray experiments are described in Sec-
tion 4.1.2. The geometries of the paper substrates are detailed in Section 4.3, and correspond
to the specific Whatman papers listed in Table 4.2. Overall, multiple parameter combinations
were tested, such as Whatman 1 at pH 2.0, Whatman 1 at pH 2.8, Whatman 1 at pH 3.3,
Whatman 2 at pH 2.0,.. Overall, 36 combinations were tested. Throughout all subsequent
experiments, a constant voltage of 3.5 kV was applied (see Appendix B).

Pearson correlation analyses were performed between the parameters describing the myo-
globin mass spectral response (amplitude A, center p, and width o) and the properties of the
paper substrates (tip angle, pore size retention, and flow rate ranking), as well as the solvent

pH. Further details on the statistical analysis are provided in Section 4.8.

7.1 Results and Discussion

7.1.1 Detection of myoglobin

In all PS-MS experiments, various protonated myoglobin ions—each associated with a spe-

cific mass-to-charge ratio (m/z)—were successfully detected by the mass spectrometer. Fig-
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ure 7.1 presents all charged species observed during the spray period for a specific parameter
combination including solvent-related components and potential chemical byproducts. Their
chemical identities were confirmed by comparison with reference values reported in the liter-
ature, as myoglobin is a well-established standard in mass spectrometry studies, a procedure
performed by my colleague Adam Bouguila at Concordia University. Mass spectrometry data

were acquired by Jingsuy Sun and Dr. Hang, also members of Concordia University.

Figure 7.1 Mass spectrum of protonated ions obtained from the PS-MS experiment using the
pH = 3.3 solvent at a tip angle of 45° using Whatman 1 paper with our custom-designed
uPAD using the Xcalibur software. Charge state z related to the peaks and so to the ions
detected are noted.

To facilitate spectral analysis and improve interpretability, all spectra—conventionally plot-
ted versus m/z—were re-expressed in terms of the charge state z using the known molecular
mass of myoglobin (see Section 4.1.1). For each spectrum, the corresponding Gaussian fit
was overlaid on the same graph. As an illustration, the result corresponding to Figure 7.1 is

shown in Figure 7.2.
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Figure 7.2 Relative abundance of protonated ions obtained from the PS-MS experiment using
pH = 3.3 solvent, a tip angle of 45° and Whatman 1 paper with our custom designed pPAD.

To assess the stability of the spray over time, the normalized standard deviation of the
relative abundance was calculated throughout the spray duration. As illustrative examples,

Figures 7.3 to 7.5 present spray duration profiles observed across several PS-MS trials.

Figure 7.3 Example of spray duration observed using Whatman 2 paper with our custom
designed pPAD at a tip angle of 30° and a pH of 2.8.
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Figure 7.4 Example of spray duration observed using Whatman 1 paper with our custom
designed uPAD at a tip angle of 15° and a pH of 2.0.

Figure 7.5 Example of spray duration observed using Whatman 1 paper with our custom
designed pPAD at a tip angle of 45° and a pH of 3.3.

The normalized standard deviation values were 16.7% for Figure 7.3, 12% for Figure 7.4,
and 10.4% for Figure 7.5. These percentages indicate a high degree of consistency in the ion

signal during the PSI process.

Some variability between experiments can be attributed to differences in paper substrate,
tip angle, pH conditions, and particularly the distance between the paper tip and the MS
inlet. Although the exact position of the chip was not systematically recorded for each run,
adjustments were made in real time to optimize signal stability, and the onset of myoglobin
detection was used as a criterion for proper alignment (as visually confirmed by Dr. Hang via
the Xcalibur live interface). Despite these expected variations, overall signal stability was
consistently observed across all experiments. Furthermore, in most PS-MS measurements, the
spray signal was maintained for approximately 1 to 2 minutes, providing a reliable acquisition

window for spectral analysis.

Now that we have confirmed that our custom-designed uPADs enable the detection of pro-
tonated myoglobin across all tested parameter combinations, while providing a stable signal

over time, we can proceed with the statistical analysis to draw conclusions on the character-
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istics of PSI as a function of the different influencing parameters.

7.1.2 Statistical correlation of PSI performance with experimental parameters

When cross-correlating the Gaussian fitting parameters with the various PS-MS experimental
conditions, the resulting Pearson correlation coefficients are summarized in the following
Table 7.1.

Note 1: All Gaussian fitting parameters for each paper type at every considered pH condition

are provided in Appendix C.

Note 2: Each experimental condition, defined by a unique combination of parameters, was

performed only once (n = 1).

Table 7.1 Pearson correlation coefficients between physical variables (tip angle, pore size
retention, flow rate ranking, and pH solvent) and Gaussian fitting parameters (A, p, and o)
extracted from PS-MS spectra. Statistically significant correlations (|r| > 0.5) are shown in
bold.

Variable Amplitude A | Center p (z) | Width o (2)
Tip Angle 0.25 -0.01 0.17
Pore Size Retention 0.18 0.10 -0.53
Flow Rate 0.06 -0.01 0.21
pH -0.27 -0.82 0.16

As shown in Table 7.1, the negative correlation between the solution pH and the Gaussian
center u indicates that p increases as the pH decreases. This trend reflects the higher proton
availability in more acidic conditions, enabling proteins to acquire additional fixed charges.
As a result, ions tend to carry more charges on average, leading to the detection of higher

charge states in the mass spectra.

Similarly, the negative correlation between pore size retention and the Gaussian width o

suggests that papers with smaller pore sizes favor broader charge state distributions.

To further investigate these relationships, the next section presents Pearson correlation anal-
yses conducted under fixed pH conditions. This approach isolates the influence of paper-
related variables (e.g., tip angle, pore size retention, ...) from chemical factors, enabling a
clearer assessment of the correlation patterns. The effects of pH and other physicochemical

properties will be examined separately in subsequent analyses.
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7.1.3 PS-MS response at fixed solvent pH

In the following sections, each paper type was tested with all tip angle geometries under

identical solvent conditions to evaluate their influence on PSI performance.

PS-MS signal response at pH=3.3

(a) Whatman 1 (b) Whatman 2

(c) Whatman 4 (d) Whatman 114

Figure 7.6 Relative abundance of myoglobin charge states (z) for the three tip angles (15°,
30°, 45°) for all the Whatman papers at pH=3.3.

Table 7.2 Pearson correlation coefficients between experimental parameters (tip angle, pore
size retention, and flow rate ranking) and Gaussian fitting parameters (A, p, and o), based
on mass spectra acquired for myoglobin in a 1:1 MeOH:H,O solution with 0.1% acetic acid.
Statistically significant correlations (|| > 0.5) are shown in bold.

Parameter Amplitude A | Center p (z) | Width o (2)
Tip Angle 0.30 -0.09 0.39
Pore Size Retention 0.59 0.78 -0.36
Flow rate 0.16 0.515 0.01
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PS-MS signal response at pH=2.8

(a) Whatman 1 (b) Whatman 2

(c) Whatman 4 (d) Whatman 144

Figure 7.7 Relative abundance of myoglobin charge states (z) at three tip angles (15°, 30°,
45°) for different Whatman papers at pH=2.8
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Table 7.3 Pearson correlation coefficients between experimental parameters (tip angle, pore
size retention, and flow rate ranking) and Gaussian fitting parameters (A, p, and o), based
on mass spectra acquired for myoglobin in a 1:1 MeOH:H,O solution with 1% acetic acid.
Statistically significant correlations (|r| > 0.5) are shown in bold.

Parameter Amplitude A | Center p (z) | Width o (2)
Tip Angle 0.36 0.14 0.07
Pore Size Retention 0.25 -0.38 -0.53
Flow rate 0.04 -0.43 -0.04

PS-MS signal response at pH=2.0

(a) Whatman 1 (b) Whatman 2

(c) Whatman 4 (d) Whatman 114

Figure 7.8 Relative abundance of myoglobin charge states (z) at three tip angles (15°, 30°,
45°) for different Whatman papers at pH=2.0.
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Table 7.4 Pearson correlation coefficients between experimental parameters (tip angle, pore
size retention, and flow rate ranking) and Gaussian fitting parameters (A, p, and o), based
on mass spectra acquired for myoglobin in a 1:1 MeOH:H50O solution with 3% acetic acid at
pH=2.0. Statistically significant correlations (|| > 0.5) are shown in bold.

Parameter Amplitude A | Center p (z) | Width o (2)
Tip Angle 0.22 -0.03 0.02
Pore Size Retention -0.24 -0.38 -0.80
Flow rate -0.36 -0.43 -0.63

7.1.4 General discussion and conclusion
Effect of pH = 3.3 on the spray signal

A robust positive correlation was found between pore retention size and both the Gaussian
amplitude (r = 0.59) and the Gaussian center (r = 0.78). This indicates that larger pores
promote the formation of bigger charged droplets, capable of sustaining higher charge states
without disturbing evaporation kinetics. A positive correlation was also observed between
the flow rate and the charge state center (r = 0.51). Although this correlation is weaker
than that with pore size retention, it nonetheless shows that the flow rate contributes to
modulating the charge state center of myoglobin. Moreover, the observed increase in signal
amplitude as pore size retention increases demonstrates that analyte transmission remains

uncompromised even with pore enlargement.

Effect of pH = 2.8 on the spray signal

Smaller pore retention sizes were correlated with broader charge-state distributions (r =
—0.53). Under acidic conditions, droplets carry a high proton load, which increases the
likelihood of multiple charging of myoglobin. Reduced pore sizes lead to the formation
of smaller initial droplets with elevated surface-to-volume ratios, which in turn accelerate
desolvation and limit both droplet coalescence and charge equilibration. Consequently, a

wider distribution of charge states is observed.

Effect of pH = 2.0 on the spray signal

At this pH, both pore retention size and solvent flow rate exhibited a negative correlation
with the Gaussian width. Smaller pores generate droplets with higher surface-to-volume ra-
tios, which accelerate desolvation and concentrate charges, thereby broadening the ionization

profile. Similarly, reduced solvent flow prolongs droplet residence time on the paper, allowing
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more heterogeneous protonation of myoglobin and further widening the observed charge-state

distribution.

Effect of pH on charge state distribution

Table 7.5 Pearson correlation coefficients between experimental parameters (tip angle and
pH) and Gaussian fitting parameters (A, p, and o), based on mass spectra acquired for
myoglobin using Whatman 1 paper-based.

Parameter | Amplitude A | Center u (z) | Width o (2)
Tip Angle (°) 0.373 0.050 -0.073
pH -0.454 -0.824 0.053

Table 7.6 Pearson correlation coefficients between experimental parameters (tip angle and
pH) and Gaussian fitting parameters (A, p, and o), based on mass spectra acquired for
myoglobin using Whatman 2 paper-based.

Parameter | Amplitude A | Center u (z) | Width o (2)
Tip Angle (°) 0.223 0.020 0.331
pH -0.567 -0.876 0.107

Table 7.7 Pearson correlation coefficients between experimental parameters (tip angle and
pH) and Gaussian fitting parameters (A, p, and o), based on mass spectra acquired for
myoglobin using Whatman 4 paper-based.

Parameter | Amplitude A | Center u (z) | Width o (2)
Tip Angle (°) 0.245 0.006 -0.765
pH 0.420 -0.856 -0.409

Table 7.8 Pearson correlation coefficients between experimental parameters (tip angle and
pH) and Gaussian fitting parameters (A, p, and o), based on mass spectra acquired for
myoglobin using Whatman 114 paper-based.

Parameter | Amplitude A | Center u (z) | Width o (2)
Tip Angle (°) 0.440 20.202 0.718
pH 0.001 -0.847 0.579

For all paper types, a strong negative correlation was observed between pH and the charge

state center (u), with lower pH values consistently shifting the spectra toward higher charge
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states, regardless of the paper’s properties. This behavior reflects the increased protonation
of myoglobin under acidic conditions. Figure 7.9 further illustrates this trend, showing that
higher pH values shift the charge state distribution toward lower charges, following the same

overall pattern across all tip angles.

Figure 7.9 Example of mass spectra illustrating the effect of pH for Whatman 114 paper.
These curves are extracted from the same dataset as used in the previous sections.

Note: While Whatman 114 is shown here as a representative example, a similar shift toward

higher charge states with decreasing pH is consistently observed across all paper types.

Note: Even though each condition was tested only once (n = 1) due to technical constraints,
the consistency of the trends observed across different pH values supports the reliability
and interpretability of the results. This general pattern indicates that the findings remain

meaningful and can be confidently discussed despite the limited number of replicates.

Beyond this common trend, each paper type exhibits specific behaviors. For instance, in
the case of Whatman 1 and Whatman 2, lowering the pH results in an increase in signal

amplitude. Both have the lowest pore size retention.

For Whatman 4, the tip angle strongly influenced the signal response, with a negative cor-
relation between angle and the width (o) of the charge-state distribution: smaller angles
yielded broader distributions. In contrast, Whatman 114 showed the opposite trend, with
broader charge distributions at larger tip angles and higher pH. This difference likely arises
from intrinsic structural and wetting properties, as Whatman 114 exhibits a much higher
flow rate than Whatman 4.

These results highlight the critical role of flow rate in electrospray ionization efficiency, con-
sistent with previous literature. For Whatman 4, the relatively low flow rate limits mass
transport to the tip, requiring a larger tip angle to homogenize ionization along the tip re-
gion. Conversely, Whatman 114, which is naturally more saturated due to its higher flow

rate, behaves more similarly to the conditions used in the COMSOL model (see Chapter
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6), where the substrate is already saturated. In this case, smaller tip angles enhance field
localization and produce finer droplets; however, at high flow rates and limited proton avail-
ability, ionization becomes less equilibrated prior to droplet emission, resulting in broader

charge state distributions.

Overall, tip angle, flow rate, and proton availability act synergistically to control droplet

formation, charge transfer, and spectral response in PSI.

Moreover, the observed differences in charge state distributions can be interpreted by con-
sidering both the conformational state of myoglobin and the specific ionization mechanisms

governing the PSI.

As described in Section 4.1.1, myoglobin predominantly exists in two main states:

« Holo form (heme-bound): Compact and globular, with buried basic residues, limiting

protonation. Even under acidic conditions, this results in lower charge states.

» Apo form (heme-free): More unfolded, especially at low pH, exposing more protonation

sites and leading to higher charge states.
These conformations influence ESI ionization models (see Chapter 2, Section 2.1.2):

o CRM: Droplets shrink until analytes retain residual charges—typical for folded proteins

like holo-myoglobin, resulting in lower charge states.

o CEM: Unfolded proteins are ejected from droplets with high charges—consistent with
apo-myoglobin, especially at low pH.

At low pH, denaturation favors apo-like behavior and CEM-type ionization, explaining the
shift toward higher charge states. In contrast, near-neutral pH maintains compact structures,

favoring CRM and resulting in lower center charge state .
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CHAPTER 8 CONCLUSION

8.1 Summary of works

This work successfully addressed the three main objectives established for evaluating the PS-
MS technique using custom-designed pPADs. It demonstrated the reliability of the device for
protein detection under diverse experimental conditions, thereby confirming the robustness

of the overall design.

This study provided new insights into the fundamental mechanisms governing PSI. By gen-
erating a stable and reproducible spray, the device enabled the consistent ionization of myo-
globin, used here as a model protein, and allowed the detection of its distinct conformational
states through the analysis of charge state distributions, encompassing both folded and un-
folded forms. The results revealed that ionization efficiency and charge state distribution are
strongly modulated by solution conditions and paper properties. At high pH, larger droplets
promoted ionization, while the intrinsic properties of the paper—particularly the solvent
flow rate—determined the charge state center of myoglobin. In contrast, at low pH, smaller
droplets and reduced flow rates favored the formation of multiple protonation states. More-
over, pore size and solvent flow rate were found to be interdependent parameters that must
be considered together when optimizing the tip angle. While previous studies have reported
conflicting conclusions regarding the optimal tip geometry, our findings demonstrate that the
tip angle cannot be optimized in isolation, but rather depends on the combined effects of
pore size and flow rate. Taken together, these findings highlight the strong interplay between
paper architecture, device geometry, and solution conditions in shaping droplet formation,

ionization, and charge transfer in PS-MS.

The physico-chemical properties and functional behavior of the paper substrates were inves-
tigated through a combination of experimental characterization and model-based interpreta-
tion. Capillary flow experiments, analyzed using the Lucas—Washburn model, demonstrated
the influence of pore size and paper thickness on solvent transport and solvent—substrate in-
teractions. ESEM imaging provided insight into structural features such as pore architecture
and surface morphology, while also revealing laser-cutting artifacts including edge degra-
dation and localized structural alterations. However, laser-cut fabrication proved highly
reproducible and scalable, allowing the efficient production of multiple low-cost devices. Fi-
nally, COMSOL simulations provided complementary insight into the electrostatic field dis-
tributions near the paper tip. The results showed that smaller tip angles generate stronger

and more confined electric fields favoring localized ionization at higher flow rates. Such
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simulation-guided approaches not only deepen the physical understanding of PSI, but also
advance the technique beyond empirical optimization toward theory-guided design. From a
technological perspective, the integration of this methodology with portable mass spectrom-
etry enables user-friendly, environmentally sustainable, and field-deployable solutions, which

are particularly valuable for point-of-care diagnostics.

Overall, this work demonstrates that our chip enables robust and reproducible protein detec-
tion via PS-MS, while providing a versatile platform to investigate how geometry, material
properties, and solution chemistry govern ionization efficiency. To the best of our knowl-
edge, this represents the first paper-based lab-on-a-chip device that enhances PS-MS analyses
through the integration of microfluidics and laser cutting. In addition, this study highlights
the potential of paper chips for high mass resolution analysis. The pronounced sensitivity
of PSI to substrate microstructure, tip angle, and protein conformation underscores the im-
portance of combining experiments and simulations for the rational optimization of uPADs.
Together, these findings establish a foundation for improving performance and expanding the

analytical applications of porous substrates in biomolecular analysis.

8.2 Limitations

While the proposed pPADs platform demonstrated stable ionization and reliable protein

detection, several limitations remain:

o Material-related constraints: Due to manufacturing limitations of Whatman papers, it

was not possible to investigate thickness and porosity separately.

o Operational variability: Maintaining identical experimental conditions, particularly the
tip-to-MS inlet distance and the spray mode, proved challenging. Real-time adjust-
ments were often required to achieve stable single-jet operation, introducing variability

in ionization efficiency across experiments.

» Laser cutting artifacts: The fabrication of pPADs using laser cutting introduced edge ir-
regularities and localized structural damage. These artifacts may vary between batches,

potentially impacting reproducibility.

o Spray observation: Direct observation of the spray could have provided additional

insights; however, this was not feasible due to equipment limitations.

o Statistical limitations: Increasing the statistical power in the PS-MS experiments would
have been beneficial, as certain parameter combinations were tested only once, limiting

the robustness of the conclusions.
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These limitations underline the need for improved fabrication protocols, more precise geomet-
ric control, environmental stabilization, and standardized operational procedures. Addressing

these aspects would enhance reproducibility.

8.3 Future Research

Future developments of the ¢PAD should focus on expanding the analytical framework and

improving fabrication precision.

o Incorporating a fixed positioning system to precisely control the tip-to-MS inlet distance

would minimize geometric variability and promote more stable spray performance.

o Enhancing the reproducibility of laser cutting, for instance by refining cutting param-
eters or integrating structural supports to stabilize the paper during processing, would

reduce edge irregularities and preserve substrate integrity across different batches.

o Further investigations of the COMSOL simulation could be made in order to visualize
the droplet formation for the different substrate geometry across various solvent for the

different MS-inlet distance in all axial directions.

Collectively, these improvements would increase the robustness of the technique and enable
more systematic investigations into the relationship between material properties, device de-

sign, and operational parameters governing PS-MS performance.
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APPENDIX A PHYSICOCHEMICAL PARAMETERS USED FOR
COMSOL MODELING

Table A.1 Comparison of estimated physical properties of 1:1 methanol-water mixtures con-

taining acetic acid, used in COMSOL simulations.

interpolated data from [1-5].

Values are based on experimental or

Property Symbol No AA 0.1% AA 1% AA 3% AA
Relative permittiv- Er 55 55 52-54 50-52
ity

Dynamic viscosity L 1.534x 1073 | ~1.53x 1073 | ~1.55 x 1072 | 1.6 x 1073
(Pa-s)

Density (kg/m?) p 910-915 915 920-925 930-935
Electrical conduc- o ~1-2x107% | ~35x107% | ~1.5x107% | 3.0x 1073
tivity (S/m)

Surface tension v ~ 0.040 ~ 0.038 0.033-0.035 | 0.031-0.033
(N/m)

Contact angle (°) 7 45-50 35-45 30-40 25-35
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APPENDIX B PRELIMINARY WORK

Prototype development strategy

To achieve the current paper-based chip geometry, my colleague Sabrina Zoso developed
several prototypes through an iterative approach. While we do not detail each design stage,
we present the experimental rationale behind the final configuration. Rather than relying on
theoretical models, the design was guided by experiments showing improved signal stability
and intensity in PS-MS. Each iteration helped refine signal quality, mechanical stability, and

MS compatibility, with successive prototypes addressing specific limitations.

Prior works and geometry optimization

Throughout the development of the paper-based chip, various parameters were systematically
tested, including paper type and thickness, probe geometry (width, length, angle), presence

of a solution chamber, and conductive material integration.

Tested designs and parameters

Initial experiments focused on triangular cutouts with varying base widths (20-40 mm) and
angles (22.5°, 45° 90°) on Whatman 1 filter paper. Subsequently, a solution chamber was
introduced to isolate the sample zone from the base and prevent backflow. Designs were fur-
ther modified with widened tips for improved flow, reinforced edges, and structural supports
such as Polyméthacrylate de Méthyle (PMMA) frames. Different conductive strategies were
explored, including graphite coatings, Ag-epoxy, copper wires, and tape, as well as treatments

like ethanol soaking, sonication, and thermal purification.

Outcomes and limitations

The 20 mm width with a 45° angle consistently offered the best signal stability (1 to 2
minutes). Larger probes deformed more easily, while sharper angles (e.g., 22.5°) caused
flow irregularities. Graphite, while conductive, introduced significant background noise and
dissolved in ethanol. Ag-epoxy introduced interference in the lipid region, while carbon
nanotubes (CNTs) proved challenging to apply in a consistent and reproducible manner.
Paper deformation and solution leakage were recurrent issues, particularly when using thinner

paper or poorly sealed chambers — in some cases, the laser-cut holes were too thin, allowing
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liquid to seep through the walls. Structural reinforcements and channel widening improved

flow but did not fully resolve reproducibility issues.

Optimized geometry

The current design uses reinforced Whatman 114 paper with a 20 mm base and 45° tip, to
avoid tip bending and a solution chamber for flow control. Copper tape proved to be the most
reliable conductive material, minimizing background signals. Soaking and localized sonication
with pure water reduced persistent background peaks, and laser-cutting contamination was
mitigated by spatial repositioning. The final design balances mechanical stability, signal
clarity, and reproducibility, and serves as the optimized platform for downstream analytical

applications.

Figure B.1 Total ion count (TIC, red) and CV signal intensity at m/z = 372 (black) as a
function of time, comparing the standard triangular paper (20 x 30 mm) and the proposed
paper-based microfluidic device.

As shown in Figure B.1, the designed chip provides improved stability. The resulting signal
exhibits a rectangular-like shape, indicating consistent and sustained ion emission. Previ-
ous approaches relied on costly photolithography equipment and cleanroom environments to
pattern paper-based devices. In contrast, the improved method presented here uses laser cut-
ting to fabricate paper-based chips with controlled microfluidic features. To the best of our
knowledge, this is the first paper-based microfluidic device specifically designed to enhance

PS-MS analyses. The first characterization of this paper-based chip was performed using the
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chemical compound crystal violet (CV).

Note: CV was selected as a model compound due to its strong ionization efficiency in positive
mode, chemical stability, and well-defined signal at m/z = 372. Its intense color also facilitates
visual tracking within the microfluidic device. These properties make CV an ideal standard

for evaluating the performance and reproducibility of paper-based PS-MS systems.

The improved high voltage found applied was 3.5 kV, using a methanol:water solvent mixture

at 1% v /v, with aliquot volumes of 20 pL.

Calibration Strategy

The detectability of [CV] was confirmed and following the optimization of the paper device
geometry, a two-part calibration strategy was developed to ensure reliable and reproducible

performance of the PSI system.

The first step assessed the relationship between analyte concentration and signal intensity
under fixed solvent conditions (1:1 methanol-water). A series of CV solutions ranging from
0.01 to 10 pM was used to generate a concentration-response curve. This allowed evaluation
of the system’s linear range, detection and quantification limits, and served as a reference for

comparing results across various geometries and spray conditions.

The second step focused on the effect of solvent composition. Using a fixed CV concen-
tration (5 pM), the methanol-water ratio was varied from 100% water to 100% methanol.
This aimed to quantify how solvent properties (e.g., polarity, volatility, conductivity) affect
ionization efficiency and spray stability. Relative lonization Efficiency Factors (RIEFs) were
derived to correct for solvent-induced signal variation. The study also sought to identify the
optimal solvent mixture that balances analyte solubility and spray duration. Together, these
two steps provide a complete framework for understanding and controlling key variables in
PSI, enabling accurate quantitative analysis even under complex or variable experimental

conditions.

Crystal Violet Calibration Protocol

To construct the calibration curve, CV solutions (0.01 to 10 pM) were spotted in equal
volumes on triangular paper substrates and air-dried. Samples were analyzed using an LTQ

Orbitrap Velos mass spectrometer at a constant spray voltage of 3.25 kV.

For each sample, the four strongest time points in the total ion chromatogram (TIC) were

selected, and their corresponding full-scan spectra were extracted. The signal intensity at
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m/z = 372 (CV ion) was averaged across the four spectra to represent that concentration.

The resulting calibration curve plotted CV concentration versus average signal intensity.
Standard deviation (SD) and standard error of the mean (SEM) were calculated to assess
signal stability. Signal-to-noise ratios (S/N) were used to determine the limits of detection
(LOD, S/N = 3) , providing a robust evaluation of the PS-MS system’s quantitative sensi-
tivity for CV.

Figure B.2 Calibration curve using crystal violet (CV) concentrations of 0.1 uM, 1.0 uM,
2.5 uM, 5 nM, and 10 pM, applied on the designed paper device with a volume of 20 nL.
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Table C.1 Gaussian fit parameters for various Whatman paper types under different tip angles
and solvent pH conditions.

Paper Type | Tip Angle (°) | Amplitude A | Center u (z) | Width o (z) | pH
Whatman 1 15 0.9248 12.0346 2.9405 3.3
Whatman 1 30 0.8683 11.4397 3.3473 3.3
Whatman 1 45 1.0179 11.9142 2.9264 3.3
Whatman 1 15 0.9882 14.29 2.91 2.8
Whatman 1 30 0.9833 14.05 3.01 2.8
Whatman 1 45 1.010 14.30 3.06 2.8
Whatman 1 15 0.999 13.98 3.20 2.0
Whatman 1 30 0.970 14.93 2.94 2.0
Whatman 1 45 1.010 14.55 2.99 2.0
Whatman 2 15 0.8388 11.2522 2.9728 3.3
Whatman 2 30 1.0288 12.2610 3.0800 3.3
Whatman 2 45 0.9318 12.1714 3.2590 3.3
Whatman 2 15 0.9882 14.21 291 2.8
Whatman 2 30 0.9843 14.27 2.94 2.8
Whatman 2 45 1.020 14.10 2.76 2.8
Whatman 2 15 0.9777 15.16 2.91 2.0
Whatman 2 30 1.200 14.80 3.09 2.0
Whatman 2 45 1.000 14.54 3.11 2.0
Whatman 4 15 1.017 12.8903 2.8047 3.3
Whatman 4 30 1.039 12.71 2.7621 3.3
Whatman 4 45 1.0603 12.64 2.6324 3.3
Whatman 4 15 1.0094 14.2144 2.8960 2.8
Whatman 4 30 1.0446 13.8709 2.6778 2.8
Whatman 4 45 0.9811 14.53 2.53 2.8
Whatman 4 15 0.9761 14.53 2.90 2.0
Whatman 4 30 1.040 14.44 2.94 2.0
Whatman 4 45 1.010 14.50 2.71 2.0
Whatman 114 15 1.020 13.70 2.5300 3.3
Whatman 114 30 0.9880 12.4708 3.0083 3.3
Whatman 114 45 0.9866 12.6024 3.4702 3.3
Whatman 114 15 0.9584 13.96 2.5100 2.8
Whatman 114 30 1.0400 13.90 2.7400 2.8
Whatman 114 45 1.0200 14.00 3.0000 2.8
Whatman 114 15 0.9579 14.41 2.4000 2.0
Whatman 114 30 1.0200 14.60 2.5800 2.0
Whatman 114 45 1.0200 14.40 2.6500 2.0
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