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Abstract 

Sessile droplet microfluidic devices (SDMF) allow for small, uniform liquid volumes to be 

arrayed, addressed, and manipulated independently. SDMF platforms diverge from typical flow-

based lab-on-a-chip (LOC) devices while maintaining their advantages (low sample consumption, 

high throughput, and easy automation and portability). Previous work by Bachus et al. has shown 

that SDMF arrays can be made rapidly and reproducibly by applying a hydrophobic coating to a 

glass surface, then milling surface energy traps (SETs) into the surface using picosecond laser 

micromachining. Resulting SETs serve as anchor points to hold liquid droplets and can be filled 

spontaneously by discontinuous dewetting (DDW). By modifying the SET shape, evaporation 

dynamics of droplets can be controlled so that solute particles inside droplets are confined to a 

certain location, thus achieving droplet preconcentration with no further steps. The means to 

preconcentrate sessile droplets on open surfaces serves as an attractive option to improve the 

sample preparation and detection sensitivity for various mass spectrometry-based analytical 

techniques. Preliminary results show a significant increase (18-fold) in colourimetric detection 

sensitivity of cadmium-dye complexed droplets on SETs. SET designs were then modified to 

improve suitability of the platform for analysis in matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS). Microscopy and MALDI imaging mass spectrometry (IMS) were 

used to assess analyte localization and matrix application methods. MALDI sample spot reduction 

using evaporative preconcentration was shown to increase detection sensitivities two-fold. Finally, 

arrays of miniaturized SETs (“microspots”) were explored as an open surface platform for single 

cell isolation and analysis. Using silica particle suspensions, microspot fabrication was optimized 

for single particle occupancy and average particles per microspot. 
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Chapter 1 

Introduction 

1.1 Microfluidics 

The field of microfluidics (MF) is a discipline consisting of a unique blend of chemistry, 

physics, and engineering.  MF devices and platforms typically involve the control and 

manipulation of very small fluid volumes spanning 10-6 to 10-18  L.1 The term “micro” (µ) stems 

from the Greek term “mikrós” meaning “small” and refers to the dimensions of MF devices and 

their components (channels, valves, surface features, etc.). Fluids (gases and liquids) are 

substances which undergo continual deformation upon subjection to shear forces. Solids, on the 

other hand, react to shear and normal stresses with restoring forces. Miniaturization of fluids 

magnifies the effect of capillary forces and surface energies, while the effects from gravitational 

and inertial forces are minimized.  

If the handling of fluids is reduced below the millimeter scale, one can incorporate many 

fluid manipulation steps onto a single platform. This idea sparked the development of “lab-on-a-

chip” (LoC) devices2 and micro total analysis systems (µ-TAS).3  These systems offer many 

advantages over more conventional techniques including decreased sample consumption, higher 

throughput, and easier automation and portability. Early research into MF devices began in the 

early 1970s. Some examples include researchers at Stanford University developing analyzers for 

gas chromatographs4 and researchers at International Business Machines fabricating arrays of 

inkjet printer nozzles on silicon wafers.5 The field saw a rapid expansion in the late 80s to early 

90s when integrated devices were made that combined pumps, valves, flow sensors, separation 

capillaries, and detectors all on one substrate.6  Since then, advancements in MF devices have been 
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widespread. The field provides a great opportunity for devices to be made that can outperform 

their classical counterparts in chemical and biomedical research. In general, depending on the 

method of fluid manipulation, MF devices are divided into continuous-flow microfluidics and 

digital microfluidics. 

 

1.1.1 Continuous Flow Microfluidics 

When one imagines a LoC device, they likely envision a continuous-flow microfluidic (CF-

MF) platform. These systems typically have many integrated components on a single surface 

(valves, mixing chambers, reservoirs, etc.) and accomplish constant fluid flow and manipulation 

using channels and walls (Figure 1.1). The two primary and opposing actions in CF-MF are mixing 

and separation.7 Mixing is required to initiate interactions such as in biological processes, and 

separation is needed for analytical chemistry applications. Thousands of papers have been 

published based on different mixing and separations actions performed on CF-MF devices, which 

showcase its incorporation into areas such as cell sorting,8 DNA analysis,9 proteomics,10 

nanoparticle synthesis,11 and CO2 conversion.12,13 

 

Figure 1.1: A microfluidic “intestine-on-a-chip” for cell inoculation and cultivation consisting 

of channels sandwiched between a semi-permeable membrane. Image and work by Kimura 

et al.14 
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Fluids behave dramatically different when on these tiny scales; gravity and inertial forces 

are much less pronounced, whereas effects arising from surface tension, viscosity and capillary 

forces are accentuated. The Hagen-Poiseuille equation (Equation 1.1) mathematically describes 

the pressure drop (Δp) of a flowing fluid of viscosity ղ and flow rate Q in a cylindrical channel of 

length L and radius R. 

𝛥𝑝 =
8ղ𝐿𝑄

𝜋𝑅4     (1.1) 

The Hagen-Poiseuille equation assumes that the fluid used is Newtonian, incompressible, and that 

laminar flow is present.15 Laminar flow is a case where fluid particles travel along smooth velocity 

profiles through a given channel with little to no mixing.16 When a fluid is flowed through a closed 

channel, the resulting flow is either laminar or turbulent (frequent changes of pressure or velocity 

in fluid layers). The Reynolds number (Re) is a dimensionless parameter used in engineering that 

describes whether certain flow conditions lead to laminar or turbulent flow: 

𝑅𝑒 =
𝑝𝑢𝐷𝐻

𝜇
=

𝑢𝐷𝐻

𝑣
=

𝑄𝐷𝐻

𝑣𝐴
   (1.2) 

Where DH is the hydraulic diameter of the channel, Q is the volumetric flow rate, A is the channel’s 

cross-sectional area, u is the mean speed of the fluid, µ is the dynamic viscosity of the fluid, v is 

the kinematic viscosity of the fluid, and ρ is the density of the fluid.17 Higher flow velocities favour 

turbulent flows while smaller dimensions promote non-turbulent flow. Microfluidic systems 

almost always exist in the laminar flow region (Re < 2000).18 This is very advantageous since 

laminar flow is highly predictable, so mathematical modelling of these systems is simplified. 
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Moreover, mass transport in the laminar regime lacks convective mixing and instead consists only 

of diffusion, which results in predictable kinetics.18  

Miniaturization of flow-based platforms down to CF-MF scales offers many advantages 

including lower reagent consumption, reduced operating costs, and increased time efficiency. One 

of the drawbacks associated with CF-MF is the significant backpressures generated from high 

liquid surface-to-volume ratios in small channels. As such, external pumping modules are typically 

required to maintain these pressures.  

1.1.2 Digital Microfluidics 

In digital microfluidics (DMF), droplets in the nL-µL range are confined, addressed, and 

manipulated independently of one another. In contrast to CF-MF, this is accomplished without the 

use of channels, walls, or pumps. This decreases the complexity of fabricated devices and improves 

their portability. Common methods used within DMF include electrowetting-on-dielectric 

(EWOD) (Figure 1.2), dielectrophoresis (DEP), magnetic actuation, and hydrophobic/hydrophilic 

patterned surfaces.19 

 

Figure 1.2: An EWOD-DMF chip by Wheeler et al. consisting of moveable droplets of a series 

of electrodes for liquid extractions during dried blood spot analysis.20 
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In typical EWOD-based DMF devices, electrodes are patterned on a surface using 

photolithography and then layered with both a dielectric and hydrophobic barrier.21 Droplets are 

moved by applying a voltage to the electrodes, which induces charge buildup at the droplet surface 

and changes their wetting characteristics. EWOD devices are either single-plate (open) or two-

plate (closed). Two-plate systems utilize an indium tin oxide (ITO) top plate with an embedded 

electrode, which increases their capabilities for droplet merging and splitting.22 

 DEP is a similar technique to EWOD, except electrically nonconductive droplets are used. 

This means that charge accumulation at the droplet surface does not occur. Instead, when a voltage 

is applied between parallel electrodes acting as a capacitor, a non-uniform field exerts a force on 

the droplet and pushes it towards the capacitor.23 

 DMF devices that employ magnetic actuation are based around droplets containing 

paramagnetic particles24 or dissolved paramagnetic salts.25 Magnets are used to actuate the droplets 

on (super)hydrophobic substrates. The magnet creates a field gradient under or over the droplet, 

depending on the exact setup, and the paramagnetic materials within the droplet generate force as 

they interact with the field.  

 Patterned (hydrophobic/hydrophilic) surfaces consisting of extremely different wetting 

characteristics are very effective at confining, addressing and manipulating discrete droplets.26–28 

As this thesis is focused on the fabrication of patterned surfaces for various applications, these are 

discussed further in 1.1.4.  

 

1.1.3 Surface Wetting Behaviour 
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When a liquid droplet meets a flat solid surface, two distinct equilibria may be observed: 

partial wetting, where the contact angle (CA) between the droplets and the surface is finite, or 

complete wetting (CA = 0°).29 The droplet’s exact behaviour is dictated by interfacial energy (γ), 

or the Gibbs energy (ΔG) per unit area (A): 

𝛾 = (
𝛿𝐺

𝛿𝐴
)𝑇,𝑝,𝑛 = [1

𝐽

𝑚2 = 1
𝑁

𝑚
]   (1.3) 

 

Young’s equation describes a thermodynamic equilibrium existing between liquid, gaseous and 

solid phases of a liquid droplet sitting on an isotropic, homogenous, smooth solid surface (Figure 

1.3): 

 

𝛾𝑠𝑔 = 𝛾𝑠𝑙 + 𝛾𝑙𝑔𝑐𝑜𝑠𝜃   (1.4) 

 

Where γsg, γsl, and γlg are the surface tensions of the solid-gas, solid-liquid, and liquid-gas 

interfaces, respectively, and θ is the inherent CA on the solid surface.30 

 

 

Figure 1.3: Surface tensions for solid-liquid (γsl), solid-gas (γsg), and liquid-gas (γlg) interfaces 

of a liquid droplet sitting on a surface surrounded by air. 

 

If we assume the surrounding medium is air, the CA is simplified to depend only on the 

solid and liquid properties. Solids are described as either high- or low-energy surfaces, and liquids 

are classified as either water or oils. Low-energy surfaces (polyethylene, polystyrene, etc.) 
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typically exhibit physical interactions such as van der Waals or hydrogen bonding and possess 

high and low CAs for water and oils, respectively. Conversely, high-energy surfaces (aluminium, 

stainless steel, glass, etc.) exhibit strong interactions through ionic, covalent, or metallic bonds and 

have low and high CAs for water and oils, respectively.29 CA is therefore a primary distinguishing 

factor for the wettability of surfaces with different liquids. Table 1.1 and 1.2 detail the 

nomenclature of different wetting states. Prefixes are used to describe the liquid used, and suffixes 

are used to describe the degree of wettability. 

 

Table 1.1: Prefixes describing liquid type. 

Prefix Liquid 

Hydro- Water 

Oleo- Oil 

Amphi- Water and Oil 

Omni- All Liquids 

 

 

 

Table 1.2: Suffixes describing surface wettability based on CA and sliding angle (SA). 

Suffix CA (θ) 

Super-prefix-philic < 10° 

Prefix-philic 10 - 90° 

Prefix-phobic 90 - 150° 

Super-prefix-phobic > 150°, < 10° SA 
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The case of very strongly repellent (super-prefix-phobic) surfaces involves a special 

condition of sliding angle (SA), which describes the tilting angle of a surface necessary for a 

droplet to roll off (Figure 1.4). The sliding angle is defined as a function of the advancing and 

receding contact angles (θA and θR) of droplet on a tilted surface: 

sin(𝛼) = 𝛾
𝑅𝑘

𝑚𝑔
(𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴)   (1.5) 

Where α is the sliding angle, γ is the surface tension, R and k are a length scale and shape constant 

of the droplet, respectively, m is the mass of the droplet, and g is the acceleration due to gravity.31 

 

 

Figure 1.4: Depiction of a sliding droplet on a solid surface. Advancing and receding contact 

angles are denoted by θA and θB, respectively, γ represents the solid-liquid interfacial tension, 

mg and mgx are the force on the droplet due to gravity downwards and in the x-direction 

(along the surface), respectively, and α is the angle of incline. 

 

Young’s equation (Equation 1.4) assumes the droplet is placed on a smooth, homogeneous 

surface. The real-world case is typically more complex than that. Micro- and nanofeatures of the 

solid material can also greatly influence CA. For example, the water contact angle (WCA) of 

smooth polytetrafluoroethylene (PTFE) can reach up to 120°, but mechanical roughening of the 

surface can increase this to nearly 180°.32 This roughening increases the surface area of the 
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substrate, which leads to small air pockets that become trapped under droplets. This is commonly 

referred to as the Cassie-Baxter state.33 When the droplet does not enclose any air pockets on the 

surface, this is referred to as the Wenzel state.34 A visual depiction of these two states is given in 

Figure 1.5. 

 

Figure 1.5: Depiction of Wenzel (left) and Cassie-Baxter (right) wetting states. 

 

Hydrophobic materials are highly sought after in the field of microfluidics. Fluid 

manipulation can be simplified due to the decreased friction between liquid droplets and a 

substrate. In order to perform reactions, analyses or other actions, however, there must be a method 

to immobilize droplets on these surfaces.  

 

1.1.4 Surfaces with Patterned Wettability 

Sessile droplet microfluidic (SDMF) platforms that utilize patterned surfaces with 

differential wetting – i.e. substrates that have regions of varying hydrophobicity and hydrophilicity 

- allow for the rapid deposition of uniform small volumes, and have applications to water 

harvesting,35,36 microfluidics,37,38 biosensing,39 and cell screening.40,41 Patterned SDMF devices 

consist of hydrophilic areas surrounded by hydrophobic barriers (Figure 1.6). The combination of 

these creates a so-called surface energy trap (SET),42 which, when wetted with liquid, can be 

envisioned as a miniaturized test tube in droplet form. SETs can be fabricated on the micrometer 
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scale, meaning that hundreds to thousands of SETs can be made on a single chip. This minimal 

size requirement makes SDMF devices very desirable for high-throughput applications.  

 

Figure 1.6: Food dyed water droplets deposited on SETs on a hydrophobic-coated glass 

microscope slide. Image and work from Levkin et al.43  

 

Examples of micro-patterned surfaces with differential wetting capabilities have been 

found in nature, for example on the fogstand beetle Stenocara gracilipes in the Namib Desert. This 

beetle species uses patterned hydrophilic bumps surrounded by hydrophobic areas on its wings. 

Holding its body into a breeze of fog leads to the spontaneous accumulation of water droplets on 

hydrophilic bumps which are then channeled to its mouth.36,44 Several techniques have been 

developed (plasma treatment, chemical etching, photolithography, laser ablation)26,28,36,45 for the 

fabrication of patterned hydrophobic/hydrophilic surfaces in order to mimic the spontaneous 

droplet-capturing ability of the Stenocara beetle. In addition, commercial products (Ultra-Ever 

Dry, NeverWet, Aculon), which can be applied to surfaces to obtain high water contact angles, 

have recently emerged and provide greater durability and transparency.46,47  

Hydrophobic surfaces often suffer from a lack of compatability with low surface tension 

liquids such as oils, surfactants, or organic solvents. Omniphobic surfaces are characterized by a 

combination of both hydrophobicity and oleophobicity (oil-repellency). These surfaces are highly 
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sought-after due to their compatibility with analytical platforms which typically require the use of 

organic solvents. However, these surfaces require careful consideration during their fabrication 

process. One current approach for designing omniphobic materials is making “slippery liquid-

infused porous surfaces”, or SLIPS.48,49 In this technique, a porous substrate is coated with a 

lubricating agent (perfluorinated liquid). This allows liquid to spread over the surface, wet the 

surface by capillary wicking, while inhibiting contact line pinning of high and low surface tension 

liquids. Another reported method is slippery omniphobic covalently attached liquid (SOCAL) 

poly(dimethyl)siloxane (PDMS), which is made by poly-condensation of 

dimethyldimethoxysilane (Me2Si(OMe)2) on a surface in a solution of sulfuric acid and 

isopropanol.49,50 Other methods focus on exploiting the self-aggregating property of fluorinated 

polymers and other covalently modified polymers.51 These reported techniques differ in their 

fabrication procedures and coating characteristics (contact and sliding angles, wear resistance, 

etc.). 

 

1.2 Mass Spectrometry 

Mass spectrometry (MS) is a very powerful analytical technique for identifying unknown 

compounds, measuring quantities of known compounds, and investigating chemical structures. 

Since its inception over a century ago,52 MS has become a staple in areas such as chemistry, 

physics, geology, astronomy, archaeology, and others due to its enormous scope (ability to analyze 

solid, liquid and gas samples, molecular weight range, and high sensitivity). More specifically, 

modern mass spectrometers are commonly used to detect environmental pollutants,53 monitor 

nuclear reactors,54 diagnose drug usage,55 and monitor gases in vacuum systems.56,57 
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 Mass spectrometers identify compounds and their constituents according to their mass-to-

charge ratio (m/z), which allows both qualitative and quantitative analysis. In short, compounds 

introduced to the spectrometer are first ionized, then separated based on their m/z, then finally 

detected to produce a signal output. The ionization and separation steps are typically carried out 

under high vacuum (electron ionization, matrix-assisted laser desorption/ionization). Exceptions 

to this include electrospray and atmospheric pressure ionizations, both of which exhibit ionization 

at atmospheric pressures. 

 Ionization can be carried out using a variety of techniques (electron ionization, fast atom 

bombardment, electrospray, laser desorption/ionization). After this, the sample and its constituents 

are separated by m/z using electric or magnetic fields, or a combination of both. The separated 

constituents are then collected, and a signal is generated. The resulting mass spectrum is a plot of 

relative ion abundance versus m/z. There are many different types of mass spectrometers which 

are differentiated based on their mode of mass analysis (Table 1.3).  

 

Table 1.3: Common mass analyzers.57 

Mass Analyzer Mode of Separation 

Magnetic Sector Momentum 

Electrostatic Reflector Kinetic Energy 

Quadropole Ion Path Stability 

Ion Cyclotron Resonance, Orbitrap Orbital Frequency 

Time-of-Flight Velocity 

 

Successful mass analysis requires the conversion of analyte(s) into gas-phase ions. Table 

1.4 summarizes some common MS ionization methods. In the early days of MS, electron ionization 

(EI) was the first ionization method that allowed a wide range of organic molecules to be converted 
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to gas-phase ions. EI is very effective with volatile compounds. High energy electrons are collided 

with the sample to eject electrons from it, resulting in extensive analyte fragmentation. This is 

referred to as a “hard” ionization technique. Although it still proves effective for analysis of small 

organic molecules, EI is considered to be a primitive technique due to the harsh nature of electron 

bombardment and the resulting loss in structural information from the fragmentation. This issue 

was mitigated by the development of chemical ionization (CI) where gas-phase reagents are used 

to ionize analyte samples through charge transfer or proton transfer.58 CI is a “soft” ionization 

technique as it results in less fragmentation of the sample, but as with EI it is limited to volatile 

analytes. While CI is a soft ionization technique, other techniques (electrospray ionization, laser 

desorption/ionization) are considered to be much softer.  Desorption-based ionization methods 

(photoionization, fast atom bombardment, plasma desorption) were developed in order to extend 

the analytical scope to higher molecular weight or less volatile compounds.59,60  

 The development of electrospray ionization (ESI)61 and matrix-assisted laser 

desorption/ionization (MALDI) revolutionized the field of mass spectrometry by extending its 

scope to high molecular weight compounds (proteins, peptides, biomolecules, polymers, etc.) that 

were previously very difficult to analyze.57,62–65 ESI works by pumping a dilute sample in a polar 

volatile solvent through a thin capillary at a low flow rate (1-20 µL/min). A very high voltage (2-

6 kV) is applied to the capillary tip causing the analyte solution to disperse into a highly charged 

aerosol. Nebulization is aided by a sheath gas (N2). Solvent evaporation from the aerosol results 

in the ejection of charged analyte into the mass analyzer at high vacuum.66 ESI allows very large 

analytes to be detected since high charge states are evolved in the ion source region (decreased 

m/z). As MALDI is a main topic in this thesis, a more detailed overview is given in Section 1.2.1. 
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Table 1.4: MS ionization methods.57 

Ionization Method Agent(s) Sample Phase Hard or Soft 

Electron Ionization Electrons Gas Hard 

Chemical Reagent gas phase ions Gas Soft 

Desorption Energetic ions, photons, plasma Solid, liquid, gas Soft 

Electrospray Energetic charged droplets Liquid Soft 

Ambient Energetic charged droplets, 

photons, plasma 

Solid, liquid, gas Soft 

 

1.2.1 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

The late 1980s saw the development of MALDI-MS, a method particularly well-suited for 

analysis of proteins, peptides, lipids, and other biomolecules. The technique relies on the energy 

transfer that occurs during a matrix-assisted laser-induced desorption phenomenon. As a result, 

measurements carried out using MALDI are highly accurate and can produce subpicomole 

sensitivity.65 

 The first step in MALDI involves co-crystallizing the analyte with a large excess of matrix, 

typically an organic acid with ultraviolet (UV) absorbance. The sample-matrix mixture is then 

irradiated with short wavelength laser pulses. The matrix functions to co-crystallize with the 

analyte and prevent aggregation, absorb energy from the laser radiation, charge transfer to analyte 

molecules, and facilitate the formation of an analyte plume. The plume is a particle cloud from 
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which analyte extraction occurs using an electric field. Although the exact mechanism of analyte 

desorption is not fully understood, one generally accepted theory is that the vibrational oscillations 

of the matrix following laser energy absorption leads to breakdowns in the crystals.67 After ions 

are extracted from the plume, they are passed through a field-free drift region before reaching the 

detector. 

 MALDI-MS instruments are commonly equipped with a time-of-flight (ToF) analyzer 

which separates analytes based on their velocities (Figure 1.7). Ions are accelerated through a flight 

tube using a high voltage, which results in any ions bearing the same charge to have the same 

kinetic energy. Since the ion velocity depends on their m/z, the time at which ion species reach the 

detector can be used to distinguish analyte species. Equation 1.6 describes the flight time (t) for an 

analyte to reach the detector: 

𝑡 = 𝐿√
𝑚

2𝑒𝑉
   (1.6) 

Where L is the length of the flight tube, m is the analyte mass, e is the elementary charge (1.602 x 

10-19 J), and V is the voltage used to accelerate the ions. ToF analyzers offer many advantages that 

make them desirable for MALDI-based instruments. Firstly, they have an essentially unlimited 

mass range due to the separation method, making them well-suited for the detection of large 

biomolecules. Their transmission efficiency (sensitivity) is very high, so typically very little 

sample is required (depending on the flight tube setup). Finally, their acquisition rate is very high 

since the temporal separation of ions allows them to all be directed towards the detector 

simultaneously rather than other scanning analyzers.68 
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Figure 1.7: Schematic of MALDI-ToF analysis.69 

 

While ToF analyzers are superior in many ways to other forms of detection, one of their 

main drawbacks is their poor mass resolution. This is due to factors that influence the flight times 

of ions with the same m/z (length of ion formation, variation in initial kinetic energy, digitization 

affecting measurement time).70 A common solution to this issue is the use of an electrostatic 

reflectron. A reflectron is a series of electrodes of increasing field strengths that is placed at the 

back end of the flight tube. As ions are flown towards the reflectron, the electrodes act as an ion 

mirror and deflect analytes back through the flight tube. Reflectrons correct for the variation in 

initial kinetic energy of ions of the same m/z leaving the source. 

 MALDI-ToF-MS as a technique is a very powerful tool for the detection of large 

molecules. However, one of the primary drawbacks with the technique is sample preparation. 

Chapter 3 of this thesis will provide more background on MALDI sample preparation techniques 

and present a developed platform to mitigate some of these issues. 
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1.3 Project Objective 

The main objective of this project was to develop SDMF platforms for applications in 

droplet-based MS sample preparation and single-cell isolation and analysis. The advantages of 

SDMF platforms (lower sample consumption, higher throughput, automation, and portability) 

allow for improvements over conventional techniques. 

 Chapter 2 discusses a method to achieve directed evaporative preconcentration of analytes 

on SDMF substrates to improve detection sensitivity. Fabrication parameters are investigated in 

detail and the design is showcased in colourimetric detection. 

 Chapter 3 expands the scope of evaporative preconcentration to MALDI sample 

preparation. The nature of the technique is well-suited to serve as a replacement for standard 

MALDI sample supports. Imaging mass spectrometry is used to demonstrate analyte “hot spots” 

to improve laser shot-to-shot reproducibility.  

 Chapter 4 is focused on the development of ultra dense droplet arrays for the isolation of 

single cells. A systematic study is detailed to optimize the fabrication parameters for the arrays.  

 Chapter 5 summarizes the conclusions drawn from this thesis and describes routes for 

potential future work. 
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Chapter 2 

Evaporative Preconcentration on Discontinuous Dewetting Droplet Arrays 

2.1 Introduction 

Hydrophobic/hydrophilic patterned surfaces allow fast and simple deposition and 

confinement of droplets by dragging a liquid droplet across the surface or dipping the substrate 

into the liquid. This process is known as discontinuous dewetting and was first reported by 

Jackman et al. in 1998.71 Discontinuous dewetting works by allowing a droplet to drain from a 

surface bearing hydrophilic depressions of lower surface energy (Figure 2.1). The depressions 

remain filled with liquid, while the droplet dewets the surrounding material of the surface. This 

technique eliminates the need for walls or pumps typically seen in flow-based LoC systems and 

allows for the rapid formation of compact droplet arrays of uniform volumes.26,28 

 

 

Figure 2.1: Schematic representation of discontinuous dewetting. 

 

Allowing an evaporating sessile droplet to dry fully provides a means to deposit fine layers 

of solute on a surface; however, spot uniformity and thus the analyte concentration within a given 

area is hindered due to the coffee ring effect.72 It is observed that a drop of spilled coffee leaves a 
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ring shape on a surface rather than a uniform spot (Figure 2.2). This coffee ring effect and its 

understanding are crucial in areas such as gene-mapping,73 deposition of DNA microarrays,74,75 

and the manufacturing of optical materials.76,77 First described by Deegan et al. in 1997,72 the 

coffee-ring results from differential evaporation rates across a droplet. As the evaporative flux 

increases with the radial position (r) from the droplet centre, a radial outward flow is generated. 

Contact line pinning leads to evaporating liquid at the droplet edge being replenished by liquid 

from the centre. Solute molecules are carried to the edge and deposited to form the ring-like stain. 

A means to mitigate this effect and obtain more uniform material deposition on a surface could 

greatly aid in dried droplet-based colourimetric and chemical sensing methods. 

 

 

Figure 2.2: A schematic of the coffee-ring effect.78 

 

The detection of trace amounts of analytes within small volumes is a major obstacle in 

chemical analysis. As such, sample preconcentration procedures (centrifugation, chromatography, 

solid-phase extraction)79–81 are often the first step in microfluidic analytical techniques. The 

preconcentration of sessile droplets through evaporation has been explored as an improvement to 

surface reaction-based sensors.82–85 Preconcentration factors as high as 100x have been reported 

by Qiao et al.,83 but the methods for achieving these often involves costly and tedious surface 

fabrication procedures as well as preventing the liquid from drying fully using an additional oil 

phase.  
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In this chapter, a facile, cost-effective, reproducible method is presented for fabricating 

hydrophobic/hydrophilic patterned droplet microarrays that can be rapidly filled using 

discontinuous dewetting. Each individual hydrophilic patch has a built-in evaporative 

preconcentration mechanism which serves to improve spot uniformity of dried analyte. 

Commercial hydrophobic (water contact angle, WCA, > 90°) and superhydrophobic (WCA > 

150°) coatings are applied to glass substrates. Using a laser micromachining system, parts of the 

coatings are ablated, exposing the hydrophilic glass surface underneath. These SETs can 

spontaneously capture precise volumes of liquid by discontinuous dewetting, thus creating a series 

of many miniaturized samples in a matter of seconds. By modifying the SET shape at its periphery, 

the evaporation of the droplet can be directed to a specific point (Figure 2.3). 

 

 

Figure 2.3: Schematic of the proposed preconcentration mechanism. By modifying the size 

of the hydrophilic patch embedded within the SET, the degree of preconcentration can be 

controlled.  

 

Laser micromachining parameters include laser power, number of laser passes, mill depth, 

and milled area size and are explored for their impact on surface wettability and preconcentration. 
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As a proof-of-concept, the optimized array design is used to improve the colourimetric detection 

of cadmium-containing aqueous solutions. The spectrophotometric study is used to explore the 

relationship between different SET elements to predict a preconcentration factor. 

 

2.2 Experimental 

2.2.1 Materials 

Standard glass microscope slides (76 x 25 x 1.0 mm) were purchased from Fisher Brand 

(Pittsburgh, PA, USA). Allura Red (disodium-6-hydroxy-5-[(2-methoxy-5-methyl-4-

sulfophenyl)azo]-2-naphthalenesulfonate), and 2-(5-bromo-2-pyridylazo)-5-[N-propyl-N-(3-

sulfopropyl)amino]phenol disodium salt dihydrate (Br-PAPS) were purchased from Sigma 

Aldrich (St. Louis, MO, USA). An aqueous cadmium calibration solution (1003 +/- 4 g/mL Cd, 

4% HNO3) was purchased from SCP Science (Baie-D'Urfe, QC, Canada). Aculon AL-A (adhesive 

surface treatment) and Aculon A (hydrophobic coating) were purchased from Aculon (San Diego, 

California, USA). All aqueous solutions were prepared using distilled, deionized water.  

 

2.2.2 Hydrophobic Surface Preparation/Characterization 

Glass microscope slides were rinsed with ethanol and dried with nitrogen prior to coating. 

Aculon AL-A (base coat) and Aculon A (top coat) were applied to glass slides according to the 

manufacturer’s guidelines using a dip-coating method (Figure 2.4). The slides were withdrawn 

from each vial at a rate of approximately 3 cm/min, then cured in an oven at 60°C for two minutes. 

Contact angle and droplet volume measurements for Aculon coated slides were performed using a 

Dataphysics OCA 15 Pro contact angle measuring system.  
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Figure 2.4: Schematic representation of Aculon coating procedure followed by SET 

fabrication by laser micromachining. SETs are filled by discontinuous dewetting. Note the 

droplet volumes are exaggerated for visualization. 

 

2.2.3 Surface Patterning 

Surface patterning was accomplished using laser micromachining. A solid-state, 355 nm 

picosecond laser micromachining system (Oxford Lasers) was used to ablate the coatings and 

expose the hydrophilic glass below. Onshape® CAD software was used to create mill patterns in 

DXF file format. Parameters to control the ablation are laser power (mW), number of consecutive 

laser passes, and writing speed (mm/s). Minor adjustments to previously-optimized laser 

parameters26 were made. The laser optics were focused on the top of the substrate. G-code was 

then used to automate the milling procedure. Three types of SETs were fabricated (Figure 2.5): 

milled circles (A), rings (B), and rings with patches (C). Milled circles were a series of concentric 

circles with an outer diameter of 500 µm, and a pitch (distance between concentric circles) of 20 

µm. Rings were a single circular trace with a diameter of 500 µm. Rings with patches had outer 

ring diameters of 300-700 µm and inner patch diameters of 120-200 µm (20 µm pitch). Mill depth 

measurements were made using a Bruker® ContourGT-K 3D Optical Microscope. 
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Figure 2.5: Three patterns of SETs fabricated by laser micromachining. (A) Milled circle, 

(B) rings, and (C) rings with patches. 

 

2.2.4 Evaporative Preconcentration 

A series of Allura Red (AR) solutions in deionized water (6.0x10-4, 1.2x10-3, 1.8x10-3 and 

2.4x10-3 M) were prepared and used to demonstrate analyte confinement on SETs. Cadmium 

solutions in deionized water (0, 2, 4, 6, 8, 10, 20 ppm) were prepared along with a solution of Br-

PAPS (1.0x10-3 M) according to a published procedure.27 Cadmium solutions were combined (1:1 

v/v) with Br-PAPS to give a series of cadmium-dye-complexed solutions with increasing red 

colour intensity corresponding to increasing cadmium concentration. A Nikon® Eclipse Ti-S 

inverted microscope coupled with NIS Elements Imaging software was used to image SETs and 

droplets residing on them. Droplet evaporation on the SDMF chips was carried out directly on the 

microscope stage under ambient temperature and pressure. 

 

2.2.5 Image Processing 

Image J was used for processing images of dried droplets. Images of dried Allura Red 

droplets were converted to 8-bit greyscale. Brightness levels were scanned in order to obtain cut-
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off chromatic values that separate dried analyte color signals from background colour signals. 

Histograms were collected for selected areas on the SETs. Pixel values above (i.e. pixels with 

lower colour intensity) the cut-off values were set to zero to eliminate colour intensity arising from 

the background. Below the cut-off value, each greyscale value (X) was multiplied by the pixel 

density (Y) to give the total number of pixels at that greyscale value (Z). The sum of Z is divided 

by the sum of Y to obtain the average colour intensity of the area. An example of this procedure 

is given in Figure 2.6. 
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Figure 2.6: Example of image processing procedure used for images of dried droplets. 

 

A slightly modified procedure was used for the colour intensity measurements of the 

cadmium droplets. As the hue of the droplets changed in correlation with cadmium concentration 

and not just the colour intensity, greyscale images were not appropriate. Instead, patch areas within 

the ring were outlined and split into their red, green, and blue channels. The green value was used 

to quantify the change in colour intensity. 
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2.3 Results and Discussion 

2.3.1 Wetting and Non-Wetting Regions 

Discontinuous dewetting requires a surface with regions that display opposing wetting 

characteristics (one wetting, one non wetting) with the same solvent. We have used a commercial 

two-layer coating (Aculon) to produce the non-wetting portions of the surface. The CA for a water 

droplet on an Aculon coated glass slide (Figure 2.7) was measured to be ≈ 117° (4.0 µL, n = 5). 

The relatively low SA (≈ 20°) allows for water droplets to be dragged across the surface with 

minimal resistance and no pinning.  

 

 

Figure 2.7: Images taken on a Dataphysics OCA 15Pro contact angle measuring system 

depicting water droplets (4 µL) sitting on glass slides coated with Aculon (A) and uncoated 

(B). Exact contact angles for A and B were calculated to be 117.2° +/- 0.7° and 13.89° +/- 0.23, 

respectively. 

 

The wetting regions (surface energy traps, SETs) on the coated substrates are produced by 

removing the coating with laser micromachining, exposing the glass beneath. The two Aculon 

coating layers (adhesion promotor and hydrophobic coating) have thicknesses of 10-100 nm and 

2-4 nm, respectively, and required a minimum laser power of 0.5 mW to initiate spontaneous 

wetting. Volumes of liquid dragged over the SETs are spontaneously pinned, allowing arrays of 
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droplets to be reproducibly made in seconds. Droplet volumes spontaneously wetted on 500 µm 

diameter milled circles (Figure 2.5A) were found to be 11.56 +/- 0.13 nL (n = 5), which is similar 

to previous volume measurements carried out on 500 µm milled patches on superhydrophobic-

coated glass slides.26 Previously we have shown that laser power can produce a mill-broadening 

zone (MBZ) that affects the wetting diameter and volume on a circular SET.26 When the laser 

ablates material from a certain region, it also affects the surrounding area. This exposes an area of 

hydrophilicity outside of the SET perimeter which increases the wetting diameter (wetting 

diameter = SET diameter + 2[MBZ]) (Figure 2.8, Equation 2.1 and 2.2). 

 

 

Figure 2.8: Schematic representation of the MBZ resulting from laser micromachining of a 

ring/patch SET. 

 

 

𝑊𝑒𝑡𝑡𝑖𝑛𝑔 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 𝑆𝐸𝑇 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 + 2(𝑀𝐵𝑍)  (2.1) 

 

𝑀𝐵𝑍 =
𝑊𝑒𝑡𝑡𝑖𝑛𝑔 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟−𝑆𝐸𝑇 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
   (2.2) 

 

The MBZ must be minimized for effective preconcentration to occur. This is because a 

droplet with a diameter that exceeds the SET dimensions cannot be reproducibly directed to a 
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specific point. A study was conducted to assess the effect of laser power (0.5, 1.0, 2.5, 5.0 mW) 

and the number of consecutive passes (1-10 passes) on the width of the MBZ (Figure 2.9). 

 

Figure 2.9: Impact of the laser power and number of passes on the MBZ. Droplets were 

deposited on the SETs by discontinuous dewetting. Points at 1 and 2 laser passes (0.5 mW) 

are missing as the low laser powers were not sufficient to create spontaneously wettable 

SETs. 

 

Water droplets were deposited on each SET by discontinuous dewetting and the wetting 

diameter was measured and compared to the machined ring diameter of 0.5 mm (n = 3). Figure 2.9 

shows that the laser power has a more pronounced effect on the size of the MBZ than the number 

of laser passes. At the minimum laser power examined (0.5 mW) a spontaneously wetting SET 

was not produced until the third laser pass. As a consequence, this laser power resulted in the 

smallest MBZ where even after 10 consecutive laser passes an MBZ of only 30 µm is observed. 

Doubling the laser power to 1 mW also requires 3 consecutive laser passes to produce a 
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spontaneously wetting SET. However, the MBZ is effectively doubled (2.5 times larger on 

average) at each number of laser passes. A minimum laser power of 2.5 mW was required to 

produce a spontaneously wetting SET after a single laser pass with ≈ 35 µm MBZ. Increasing the 

laser power to 5 mW produces a much larger MBZ that is roughly twice as large after one laser 

pass and 1.5 times as large after 10 laser passes compared to the 2.5 mW experiments. For the 

lowest laser power (0.5 mW) the MBZ width increases linearly with the number of laser passes. 

However, with increasing laser power the MBZ width begins to plateau with increasing number 

of passes. We speculate that the beam falls out of focus as the glass is milled away which leads to 

a decrease in ablation potential of following laser passes. This effect is more pronounced for higher 

laser powers where more material is ablated with fewer laser passes. This is supported by the trend 

seen in mill depth measurements (Figure 2.10).   

 

Figure 2.10: Mill depth trends of ring SETs on Aculon coated slides. 
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2.3.2 Droplet Pop and Evaporative Preconcentration 

Milled circle SETs (Figure 2.5A) spontaneously wet as the entire circle provides a base by 

which the droplet is pinned to the surface. Liquid evaporates from the droplet and as the 

evaporative flux increases with the radial position (r) from the droplet centre, a radial outward flow 

is generated. Contact line pinning leads to evaporating liquid at the droplet edge being replenished 

by liquid from the centre. This so-called zipping-depinning of droplets on these concentric circle 

SETs where the contact line “skips” across each milled circle has been previously reported by 

Lohse et al. and provides a fundamental understanding of the dissolution of liquids on these 

micropatterned surfaces.86 When a droplet is placed on these concentric circle SETs, the 

continuous zipping-depinning mechanism paired with the coffee ring effect results in a coffee 

stain-like deposit on the SET perimeter (Figure 2.11). 

 

 

Figure 2.11: A droplet of Allura Red dried on a milled circle SET. The resulting coffee ring 

is clearly seen as a red outline around the SET perimeter. Scale bar is 100 µm. 
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Alternatively, a ring SET (Figure 2.5B) can be employed to pin a droplet while providing 

reduced droplet surface adhesion since the droplet wets the ring only (i.e. a hydrophilic SET that 

spans the entire droplet base is not necessary to achieve spontaneous wetting). Fabrication of ring 

SETs is also more cost and time-efficient than a fully milled circle SETs.27 If a droplet on a ring 

is allowed to evaporate, the droplet continues to shrink until it does not have adequate volume to 

span the ring. The surface tension overcomes the wetting force and the droplet “pops” from a 

spherical cap to smaller droplets that are somewhat randomly distributed around the ring (likely 

due to microscopic surface features). Each droplet dries around the machined ring in a coffee ring 

deposit.  

It was found that fluid can be collected in a smaller defined area following the “pop” by 

machining an additional patch on the ring perimeter (Figure 2.5C). Analyte contained within the 

initial larger drop can be focussed to the patch providing preconcentration. It was observed that 

ring SETs machined with a patch on the SET periphery exhibited an increased analyte signal within 

the patch after evaporation. The directed wetting approach is shown in Figure 2.12. Initially, a 

droplet is deposited on the SET by discontinuous dewetting (Figure 2.12A). The droplet can be 

seen to wet the entire ring including the additional patch. As the droplet begins to evaporate its 

volume shrinks until it becomes unfavourable for the droplet to remain spread across the entire 

SET diameter. The droplet pops and is rapidly confined to the smaller patch (Figure 2.12B). This 

popping transition is very fast (less than 20 ms). Drying of the smaller droplet leads to an area of 

high analyte concentration (Figure 2.12C) compared to a deposition when a droplet is dried down 

over a larger area. The dried analyte spot in Figure 2.12C clearly illustrates that the coffee-ring 

effect is still present, but its impact is ultimately minimized due to the smaller patch area. This 

technique allows for precise analyte preconcentration without the need for pipetting.  
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Figure 2.12: Microscope images of a droplet of Allura Red solution (6x10-4M) confined on an 

SET before the droplet pop (A), after the droplet pop (B), and after drying (C). Scale bars 

are 100µm. Timestamps in seconds are listed. 

 

Preliminary work was focused on the design of the preconcentration SET that combines 

both spontaneous wetting and a reproducible droplet pop. After testing droplet evaporation on a 

range of SET sizes, the ring/patch design seen in Figure 2.5C was chosen for preconcentration. 

The outer ring (500 µm diameter) can pin droplets across its diameter, while the small patch (160 

µm diameter, 20 µm pitch) on the periphery serves as a smaller hydrophilic zone that attracts the 

droplet as it evaporates. It was found that a minimal MBZ (< 20 µm) is required for the droplet 

pop to occur. Too large of an MBZ results in analyte drying down in the typical coffee ring deposit 

instead of concentrating within the patch. 

The quality and reproducibility of the droplet pop correspond with the wetting diameter. If 

the droplet spreads too wide over the SET (resulting from a large MBZ), the droplet pop is 

inconsistent and colour intensity measurements within the patch are skewed. The droplet pop is 

most consistent when the MBZ (and thus laser power) is minimized; however, the use of a low 

laser power has implications on the spontaneous wetting capabilities of the SETs. Figure 2.13 

shows a study that varied the laser power while milling a preconcentration SET: (A) 0.5 mW 

power, (B) 0.75 mW power, and (C) 1.0 mW power. The 0.5 mW SET produced the best droplet 
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pop, but discontinuous dewetting only worked for 2-3 times. After this, the larger droplet passes 

over the SET with no pinning. Conversely, the 1.0 mW SET exhibits too much surface wetting, so 

the liquid cannot be directed to the patch. The point at which SET wettability and droplet pop are 

optimized therefore lies in the range of 0.5 to 1.0 mW. For this work, several substrates with SETs 

at 0.5 mW and 10 laser passes were fabricated in order to maximize the effectiveness of the droplet 

pop. 

 

Figure 2.13: Comparison of ring/patch SETs (500µm/140µm) milled at (A) 0.5 mW, (B) 0.75 

mW, and (C) 1.0 mW. Scale bars are 100µm. 

 

2.3.3 SET Dimension Optimizations 

The degree of preconcentration achievable on the SET is tunable. The ring diameter 

determines the volume of liquid deposited on the SET, and the patch diameter determines the area 

upon which the analyte is concentrated. A parametric study was designed and conducted to explore 

both ring and patch diameter on preconcentration factor and explore limitations (Figure 2.14). Two 

series of ring/patch SETs were fabricated. One series had patch diameters of 120, 140, 160, 180 

and 200 µm with a constant ring diameter of 500 µm. The other series had ring diameters of 300, 

400, 500, 600 and 700 µm with a constant patch diameter of 160 µm. Droplets of aqueous AR 

(6.0x10-4 M) were deposited on all SETs and allowed to dry. Images of each SET were taken 
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following droplet drying. Image processing yielded colour intensity values for each SET (n = 3). 

Average intensity values were plotted against their ring or patch diameter, respectively (Figure 

2.15). High greyscale values correspond to bright areas and low analyte concentrations. 

 

Figure 2.14: Schematic of chip design for SET dimension optimization. 

 

 

 

Figure 2.15: Effect of ring diameter (A) and patch diameter (B) on preconcentration (n = 

3). SET schematics are shown for visualization. 

  

0.3 0.4 0.5 0.6 0.7

64

66

68

70

72

74

76

%
 G

re
y
s
c
a

le

Ring Diameter (mm)

y = -20.24(x) + 80.93

R
2
 = 0.97

0.12 0.13 0.14 0.15 0.16 0.17 0.18

62

64

66

68

70

72

74

76

78

%
 G

re
y
s
c
a

le

Patch Diameter (mm)

y = 187.33(x) + 41.42

R
2
 = 0.99



 

35 

 

When the sample is dried down to the patch after preconcentration, the ratio of ring area to 

patch area (r2
ring/r

2
patch, where r = radius) serves as an appropriate benchmark for the 

preconcentration factor. Figure 2.15A shows a trend of increasing analyte signal (decreasing 

greyscale value) with increasing ring diameter. This is expected since larger droplet volumes are 

concentrated to a constant patch area. A consequence of increasing ring diameters are less 

consistent droplet pops, which are reflected in the increasing error magnitude with increasing ring 

diameter. Figure 2.15B shows a decreasing trend in analyte signal with increasing patch diameter. 

Assuming the deposited volumes to be the same (contribution of small patch diameter to total 

droplet volume is negligible), then the observed trend is consistent with theory. The image 

processing procedure calculates a value for the average colour intensity within the patch. The same 

amount of analyte in a smaller patch should therefore give a more intense colour (lower greyscale 

value). Again, the errors correlate with the consistency of the droplet pop; inconsistent pop leads 

to analyte distribution across the whole SET periphery. The optimal SET dimensions (500 µm/120 

µm) were selected based on the consistency of the droplet pop. A higher degree of preconcentration 

may be achieved by using a larger ring (700 µm) with a small patch (120 µm), but at the cost of 

reproducibility with the current design. 

2.3.4 Colourimetric Cadmium Detection 

The optimized SET (0.5 mW power, 10 laser passes, 2 mm/s writing speed, 500 µm ring 

diameter, 120 µm patch diameter) was used to improve the colourimetric detection of dried 

cadmium-containing aqueous droplets. The reagent (Br-PAPS) was added as a complexing agent 

that is yellow in its non-complexed form in aqueous solution and displays increasing red colour 

(decreasing green channel values) when complexed with cadmium. Two dye molecules complex 
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with one Cd2+ ion.27 Aqueous droplets containing cadmium and Br-PAPS dye (1x10-3 M) (1:1 v/v) 

were deposited on the optimized SETs and allowed to dry down.  

Figure 2.16 shows a plot of green channel values against cadmium concentration. RGB 

values were initially collected for each SET. Changes in green values were found to correlate best 

with the cadmium concentration. The plot shows decreasing green channel values with increasing 

cadmium concentration. The black data points represent droplets dried on fully milled circles while 

the red points represent droplets dried on optimized SETs. Droplets dried over the milled circles 

leave multiple ring-shaped residues that are spread over the entirety of the SET. Conversely, 

droplets dried on the optimized SET reproducibly pop to the patch and leave no visible residue on 

the outer ring. Figure 2.16 shows that the sensitivity (slope of the % green value versus 

concentration plot) on the ring/patch design (-0.7756) offers a ~20-fold improvement over the 

sensitivity on the milled circles (-0.0395). Slopes are negative due to a lower % green value 

representing higher cadmium concentrations. While concentrations are typically reported in per 

volume measurements, the dried droplet approach allows the correlation of concentrations to area 

measurements (2-dimensional). Interestingly, the ratio of ring area/patch area is approximately 17, 

which is similar to the calculated degree of preconcentration. The increase in limit of detection 

(LoD) was found to be 9-fold. Further design optimization of the SET may lead to a larger 

improvement in LoD. Overall, these results indicate the technique may be well-suited for trace 

analysis since it allows a better distinction between narrow ranges of colour intensities. Although 

the colour intensity corresponds well with the cadmium concentration using the conditions tested, 

there is no doubt a point of colour saturation where the correlation deviates from linearity. 
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Figure 2.16: Dried droplet colour intensity of cadmium solutions on milled circles (black) 

and optimized SETs (red). 

 

2.4 Conclusions 

This chapter presents a SDMF platform that allows for rapid deposition of nanolitre-scale 

liquid volumes followed by tunable evaporative preconcentration to yield dried analyte spots of 

high concentration and uniformity. This is accomplished using hydrophobic coated glass slides 

that are patterned with hydrophilic zones (surface energy traps, SETs) by picosecond laser 

micromachining. The SETs (rings with patches) are filled with liquid by discontinuous dewetting. 

Liquid volumes in the SETs, upon shrinking from evaporation, are rapidly confined to a smaller 

hydrophilic zone within the SET. The degree of preconcentration achievable is dependent on the 

ratio of ring to patch diameter. As a demonstration, the optimized SET array is used to improve 

the sensitivity of colourimetric cadmium detection by 20-fold.  
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This platform is applicable to a wide range of detection methods. Samples of precise 

volume can be deposited onto the array and stored for later analysis, thus increasing sample 

throughput. Furthermore, the evaporative preconcentration method using the droplet pop 

eliminates the need for pipetting small liquid volumes. 
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Chapter 3 

Patterned Surfaces for Improved MALDI-IMS Sample Preparation 

3.1 Introduction 

MALDI facilitates the detection of a large range of analytes with high sensitivity. The 

methods of sample preparation are known to strongly influence the quality of obtained spectra; the 

quality of the IMS results depends on how the sample is deposited on targets. Many sample 

preparation techniques have been developed to improve the homogeneity of crystallized 

sample/matrix deposits. Some examples include electrosprayed sample/matrix deposition,87 the 

use of ionic liquid matrices,88,89 and solvent free methods.90,91 One of the most widely used 

techniques is the so-called “dried-droplet method”: a sample is mixed with matrix and deposited 

directly onto the target plate as a droplet, which is followed by solvent evaporation.64 The method 

is very prevalent due to its simplicity and compatibility with samples containing large amounts of 

salts or other constituents.92 Unfortunately, this method usually results in largely heterogeneous 

sample spots which cause poor shot-to-shot and MS signal reproducibility. In many cases, it is 

common to observe ring-shaped deposits around the sample spot as a result of the coffee-ring 

effect (detailed in Section 2.1). This heterogeneity also necessitates seeking out “sweet spots” – 

small localized areas of high analyte concentration – on the target plate, which adds to the analysis 

time. The occurrence of these “sweet spots” is one of the key downfalls of MALDI sample 

preparation as they hamper the use of the technique for quantitation. The time constraint imposed 

by seeking out these sweet spots also makes the technique less desirable in applications requiring 

automated, unattended analyses. Reducing the sample spot size on a MALDI target increases the 

concentration of analyte per unit area and thus the sensitivity, which makes it easier to obtain high 

quality MS signals and makes automatic analyses more feasible.  
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 MALDI sample spot sizes have been successfully reduced by coating the target plate with 

Teflon and gold anchors93, silicone94, and Scotchgard™ (a water repellent commercial product)95. 

These methods all report good correlation between sample spot reduction and enhancement in 

detection sensitivities, and each method reported improvements in detection sensitivity by over 

two times. However, in these reported approaches, issues such as uneven substrate coating, 

unwanted background signals, single-use targets, and tedious microfabrication steps were 

encountered. 

 

Figure 3.1: Proposed self-organization of analyte particles in evaporating droplets. (A) On 

an unmodified surface, radial outward flows lead to formation of a coffee ring deposit. (B) 

Through surface patterning, analyte particles can be directed to a desired spot. 

 

In this chapter, a design for an SDMF platform is explored for its suitability as a MALDI 

target plate. ITO glass is coated with a commercial hydrophobic coating and patterned with SETs 

by laser micromachining. Different patterned SETs milled into the surface impart droplet 

preconcentration (as in Chapter 2), but with a focus on directing analyte towards the SET centre 

(Figure 3.1). Several combinations of SET pattern, analyte, matrix type, and matrix application 
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method are investigated, and heat map imaging is used to assess analyte spatial resolution 

following preconcentration. 

 

3.2 Experimental 

3.2.1 Materials 

Aculon AL-A (adhesive surface treatment) and Aculon A (hydrophobic coating) were 

purchased from Aculon (San Diego, California, USA). ITO conductible glass microscope slides 

(76 x 25 x 1.0 mm) were purchased from Bruker Daltonics (Bremen, Germany). Bradykinin 

acetate, 2,5-dihydroxybenzoic acid (DHB), superDHB, and α-cyano-4-hydroxycinnamic acid 

(HCCA) were purchased from Sigma Aldrich. Trifluoroacetic acid (TFA), and MS grade 

acetonitrile (ACN) and methanol (MeOH) were purchased from Fisher Scientific (Ottawa). All 

aqueous solutions were prepared using distilled, deionized water.  

 

3.2.2 Substrate Coating and Patterning 

ITO microscope slides were dip-coated with Aculon (see Section 2.2.2). Coated substrates 

were patterned with SETs using laser micromachining (see Section 2.2.3). Minor modifications to 

laser milling parameters were made to account for the difference in ablation behaviour between 

non-conductive glass and ITO glass.  

 

3.2.3 Droplet Evaporation 

Sample solutions were deposited on SETs by pipetting. Sample and matrix were both 

evaporated on the substrates under ambient temperature and pressure. Nikon® Eclipse Ti-S 
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inverted microscope coupled with NIS Elements Imaging software was used to image SETs before, 

during and after evaporation of sample/matrix mixtures.  

 

3.2.4 Matrix Preparation and Application 

DHB was dissolved in 50/50 MeOH/0.2% TFA to a concentration of 30 mg/mL. HCCA 

was dissolved in 50/50 ACN/0.2% TFA to a concentration of 7 mg/mL. Matrix was applied to 

substrates in three ways: (1) in “dried droplet” form, where matrix was either mixed directly with 

sample solution or deposited as a separate drop after sample evaporation, (2) in aerosol form using 

a simple humidifier96, and (3) using a Bruker® ImagePrep system.  

 

 

3.2.5 MALDI-IMS Analysis 

MALDI mass spectrometric analysis was performed using a Bruker® Flex Series TOF 

mass spectrometer (Billerica, MA, USA) equipped with a 2 kHz Nd:YAG 355 nm UV laser and 

electrostatic reflectron for increased mass resolution. Mass spectra were obtained in the range of 

200 – 2000 m/z with 200 laser shots per raster point. External mass calibration was performed 

using a Waters Mass Preparation Peptide mixture consisting of 1.5 µg/mL of ten peptides: allantoin 

(m/z 159.052), angiotensin fragment (m/z  899.474), RASG-1 (m/z 1001.494), angiotensin II (m/z 

1046.542), bradykinin (m/z 1060.569), angiotensin I (m/z 1296. 685), renin (m/z 1758.933), 

enolase T35 (m/z 1872.960), enolase T37 (m/z 2828.280), melittin (m/z 2845). Calibration spots 

were prepared by mixing 1:1 by volume Waters Mass Preparation Peptide mixture with DHB 

matrix and then spotted on clean, milled circle SETs on coated ITO slides.  

For experimental sequences, Histoview software was used to image slides prior to matrix 

application and set teaching points (image locations corresponding to x/y coordinates on the slide) 
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for the sample spots in the instrument ionization source. After teaching, sample areas were drawn 

onto a scanned image. Mass spectra were obtained with a range (30 - 200 µm) of raster intervals 

over the substrate surface. Analysis was carried out at a laser repetition rate of 2000 Hz, ion source 

voltages of 19.14 kV and 16.79 kV, a lens voltage of 7.51 kV, and a pulsed ion extraction time of 

120 ns. SCiLS software was used to process spectral data. A spatial segmentation pipeline was 

used to apply a peak-picking algorithm. Spectra were normalized to total ion count (TIC). Mass to 

charge ratio images were displayed as heat maps to display analyte spatial resolution.   

 

3.2.6 Image Analysis 

MALDI-IMS heat maps were size-matched, exported to ImageJ, and converted to 8-bit 

greyscale. For bullseye SET heat maps, mean greyscale values within the bullseye centre (~5700 

px2) were obtained by tracing using a polygon tool. Bullseye centre areas were all traced to within 

1% error. For milled circle SETs, mean greyscale values were obtained for the entire SET surface 

to within 2% error. A threshold of > 34 grey value was set to avoid background signal skewing the 

results.  

 

3.3 Results and Discussion 

3.3.1 Bullseye SETs 

As detailed in Chapter 2, SETs consisting of rings with patches can effectively localize and 

preconcentrate droplets to a small area on their perimeters. However, this design is limited in its 

reproducibility. We found that small microfeatures on the SET perimeter (surface imperfections, 

dust, etc.) can impact the droplet pop and hinder preconcentration. Figure 3.2 below shows a 

droplet containing bradykinin (BKN) (10 µM) on a ring/patch SET before (A), during (B), and 
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after (C) evaporation. The droplet was effectively split and partitioned between the patch and 

another microscale feature on the ring perimeter, resulting in a loss of localization. This effect is 

seen often with the ring/patch design and warranted a different SET design moving forward.  

 

 

Figure 3.2: Freeze frames from optical micrograph videos showing a droplet (10 µM 

bradykinin) (A) before, (B) during, and (C) after evaporation. The splitting of the droplet is 

seen in (B), where surface imperfections are likely the cause for the shifted localization. Scale 

bar shown in red is 100 µm and time stamps are displayed in seconds. 

 

A method was developed to direct droplet localization to the SET centre rather than a 

location on the perimeter to minimize the impact of microscale surface features. A significant 

obstacle to overcome is the coffee-ring effect – the latent tendency for radial flows inside an 

evaporating droplet to force the liquid towards the droplet edge. This effect was leveraged in 

Chapter 2 since the localization was achieved on the SET perimeter itself. In order to overcome 

the coffee-ring effect and localize analyte in the SET centre, more SET features had to be 

incorporated. Furthermore, the SET size was increased to 1 mm in diameter to increase the initial 

droplet volume and thus the degree of preconcentration.  
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Figure 3.3: New preliminary SET designs: (A) The patch moved from the SET perimeter to 

the centre. (B) A second smaller ring placed inside the larger one. (C) Instead of a ring, 

hydrophilic rails were added connecting the SET edge to the centre patch. (D) The final 

bullseye design, with all the features incorporated. All shown designs have an outer diameter 

of 1000 µm. 

 

Figure 3.3 shows a range of SET designs that were explored. Water droplets were 

evaporated on each SET type to investigate their evaporation patterns. Several insights were drawn 

from these trials. Firstly, simply moving the patch from the SET edge to the centre (A) seemed to 

have no effect on analyte localization. Droplets on these SETs dried with the typical coffee-ring 

behaviour with no localization toward the centre. A second smaller ring was placed inside of the 

outer ring (B) to help the droplet shrink down first to a smaller area before finally being 

concentrated to the centre. The results from this showed better analyte localization than in A, but 
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there appeared to be analyte deposition around each of the rings again in a coffee-ring fashion 

(Figure 3.4).  

 

Figure 3.4: Optical micrographs showing water droplet drying on an SET from Figure 3.3B. 

The pattern leads to coffee-ring-like behaviour around the two milled rings. Scale bar shown 

in red is 100 µm. 

The third design incorporated hydrophilic “rails” (milled segments connecting the ring 

perimeter to the centre patch, C). The thought process was that the rails “guide” the droplet towards 

the centre. This idea saw improvements to the overall flow pattern and produced some interesting 

evaporation results (Figure 3.5). Droplets drying on these SETs seemed to break off in triangular 

shaped segments before being directed towards the centre.  
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Figure 3.5: Optical micrographs showing water droplet drying on an SET from Figure 3.3C. 

The pattern causes “wedges” to break off individually and part of the droplet appears to be 

drawn to the centre patch. Scale bar shown in red is 100 µm. 

 

The final “bullseye” design (D) incorporated all the previous ideas into one SET; a smaller 

ring was placed inside the outer ring, and four hydrophilic rails were milled leading towards the 

centre patch. The result was a SET with 8 “quadrants” from which fluid would evacuate (similar 

to Figure 3.5) individually. Once the outermost quadrants dry, the remaining fluid was confined 

within the smaller inner ring. The continuity in hydrophilic areas created by the rails allowed the 

droplet to concentrate in segments, leading to a final localization and analyte crystallization in the 

SET centre (Figure 3.6). 
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Figure 3.6: Optical micrographs showing a water droplet containing bradykinin (10 µM) 

drying on an optimized bullseye SET (Figure 3.3D). The first droplet pop relocates the 

droplet around the inner milled circle, then each inner quadrant dried towards the bullseye 

centre. Scale bar shown in red is 100 µm. 

 

3.3.2 Preliminary MALDI Experiments 

After the bullseye SET was developed, the design was applied to MALDI-IMS analysis to 

reduce sample spot size. Bullseyes were milled (0.5 mW power, 4 laser passes) into Aculon coated 

ITO slides. ITO glass appears to ablate more easily from laser micromachining, so the number of 

laser passes was decreased from 10 (Chapter 2) to 4 to more closely match the MBZ magnitude. 

It is unclear exactly why ITO glass ablates more easily. It is possible that the ITO coating changes 

how much energy is absorbed by the material during the laser micromachining process. A 

schematic of the bullseye SETs with measurements is shown below (Figure 3.7). The total SET 

diameter is 1000 µm with a 500 µm inner ring. The two hydrophilic rails are milled perpendicular 

to each other and span the entire diameter of the bullseye. The innermost patch has a diameter of 

200 µm with a pitch distance of 20 µm. 
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Figure 3.7: Schematic of the final bullseye SET. 

 

The goal of preliminary studies was to demonstrate a reduction in sample spot size on 

bullseye SETs relative to conventional dried droplet techniques (milled circle SETs – uniform 

hydrophilic areas). Effective droplet preconcentration on the developed patterned surfaces would 

hopefully promote analyte crystallization in the bullseye centre, resulting in an area of high analyte 

concentration per unit area. After matrix application, heat map imaging via MALDI could confirm 

the localization of chemical spatial information. 

 Bradykinin (BKN) was selected as an analyte for dried droplet experiments because of its 

availability and it is well-documented in MALDI-MS literature. BKN (10 µM in 50/50 ACN/0.2% 

TFA) was deposited on bullseyes and milled circle SETs (0.5 µL per SET) by pipetting and 

evaporated prior to matrix application. Pipetting was used instead of DDW to minimize variations 

in initial droplet volume. Droplet evaporation was monitored and imaged under a microscope.  

Recently, works have shown that commercially available, inexpensive humidifier devices 

are well-suited for matrix application in MALDI-IMS experiments and can even yield higher 

sensitivities and smaller matrix crystals than the commonly used Image Prep device (Bruker 

Daltonics).96,97 For these experiments, a small portable humidifier was used to deposit matrix (2,5-

1000 µm 500 µm 200 µm 
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dihydroxybenzoic acid, DHB, 30 mg/mL in 50/50 MeOH/0.2% TFA) onto ITO slides spotted with 

BKN. The humidifier holds roughly 2.5 mL of liquid in its reservoir and sprays in intervals (3 

seconds on, 3 seconds off). It was fastened 15 cm above the ITO slide to replicate the conditions 

of a published procedure.96 The slide was placed inside a glass chamber during spraying to 

maintain aerosol concentration. Matrix was sprayed for 15 minutes with reservoir refilling every 

5 minutes.  

After matrix deposition, heat map images were obtained using MALDI-MSI. Figure 3.8 

shows a series of imaging results. Images of the milled circle SETs (Figure 3.8 left) show smearing 

of the crystallized BKN resulting from the observed evaporation patterns. Indeed, the MALDI heat 

maps correlate with these images; BKN signal is distributed over the entire area with no clear 

localization. Images of BKN dried on bullseye SETs show clear dark spots inside the bullseye 

centre. However, MALDI heat maps did not show consistent correlation. Figure 3.8 (top right) 

was the only trial where the heat map showed an intense hot spot in the bullseye centre. Other 

trials (bottom right), where microscope images showed crystallized solid within the centre, showed 

little to no spatial correlation with the heat maps.  
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Figure 3.8: Optical micrographs and MALDI heat maps of BKN (m/z = 1061.21) crystallized 

on milled circle SETs (left), and bullseye SETs (right). A scale bar of arbitrary intensity units 

from 0 to 100 % for the heat maps is shown below. 

 

Many replicates of the experiment were run to mimic the one bullseye result, but none 

showed many similarities (Figure 3.9). Both the spatial information and signal intensities seemed 

to vary greatly from trial to trial with no change in experimental conditions. Since the evaporation 

was monitored closely under the microscope and the localization of BKN crystals could be clearly 

seen, the lack of reproducibility between the trials suggested the issue was the matrix application 

process. 



 

52 

 

 

Figure 3.9: Repeated experiments showing optical micrographs (above) and corresponding 

MALDI heat maps (below) of dried BKN (m/z = 1061.45) on bullseye SETs. A scale bar of 

arbitrary intensity units from 0 to 100 % for the heat maps is shown below. 

 

3.3.3 Analyte Delocalization 

Despite BKN crystals depositing in well-defined locations on the SETs, heat map imaging 

showed little to no correlation with observed analyte locations. A reason for that could be that 

matrix spraying dissolves the crystallized BKN and delocalizes it across the SET, which would 

lead to these inconsistent results. Analyte delocalization by matrix on MALDI targets is commonly 

reported, particularly in cases where gel-cultured biofilms are deposited onto MALDI targets and 

sprayed with matrix.98,99 Since aerosol-based matrix deposition techniques cause the accumulation 

of small droplets on the target surface, it can be envisioned that these droplets resolubilize BKN 
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crystals and thus shift the location of crystal deposits when these small droplets shift, merge, and 

evaporate. 

 SETs were tracked under a microscope before, during and after matrix deposition to see if 

analyte delocalization can be observed. Figure 3.10 shows 3 spots of dried BKN on non-patterned 

ITO slides before and after 5 minutes of DHB deposition using the humidifier. Red traces are used 

in the matrix images to highlight the initial analyte spot location. Not only is the apparent location 

of the analyte shifted, but the size is also changed.  

 

 

Figure 3.10: BKN spots before (left) and after (right) 5 minutes of DHB deposition in the 

glass chamber using the humidifier. Red traces of original analyte spots are shown to 

visualize delocalization. 

 

The experiment was repeated with the matrix spraying time decreased to only 20 seconds 

(Figure 3.11). The droplets of matrix are much smaller than those in Figure 3.10, but analyte spots 
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are still delocalized from their original positions. It was assumed that the aerosol concentration in 

the matrix spraying chamber contributes to analyte delocalization. If aerosol concentration is high 

enough, this might favour the formation of larger matrix droplets that solubilize and delocalize the 

BKN.  

 

 

Figure 3.11: BKN spots before (left) and after (right) 5 seconds of DHB deposition in the 

glass chamber using the humidifier. Initial analyte spots shown in red. 

 

To mitigate the possible aerosol concentration conditions, the same matrix (DHB) was 

applied to a slide using an ImagePrep device (Bruker). The device using vibrational vaporization 

to generate the matrix aerosol which is sprayed intermittently. Before spraying, the instrument is 

purged with nitrogen gas. Figure 3.12 shows the results of the ImagePrep experiment after matrix 

spraying for 5 minutes. The matrix crystal sizes are comparable to those in Figure 3.10, and again 

analyte is delocalized. It should be noted that the experiments carried out using the humidifier 

(Figure 3.10 and Figure 3.11) were also replicated with anhydrous magnesium sulfate added to the 
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glass chamber. The desiccant was used to try to reduce the relative humidity inside the chamber. 

Despite this, analyte delocalization was still observed, and no discernable differences could be 

seen. 

 

 

Figure 3.12: BKN spots before (left) and after (right) 5 minutes of DHB deposition using the 

ImagePrep. Initial analyte spots shown in red. 

 

It should be noted that these experiments are purely qualitative. It is difficult to discern 

how much analyte spots are delocalized by, and chemical spatial information from MS analysis 

can show discrepancies. Results from the matrix spraying experiments suggested the method had 

two possible downfalls: either the matrix itself is not suitable to assess analyte spatial information 

on SETs, or the method of matrix spraying eliminates the analyte localization achieved by the 

patterned surface.  
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3.3.4 Imaging with DHB 

To confirm that the spatial information given by the MALDI was reliable, the method of 

matrix application was changed from spraying to dried droplet. By doing this, the analyte and 

matrix crystallize simultaneously, and the appearance can be verified under an optical microscope. 

Figure 3.13 shows a droplet of matrix solution (DHB, 30 mg/mL in 50/50 MeOH/0.2% TFA) dried 

on a bullseye SET to compare to images of droplets containing BKN. The image on the left shows 

crystallization beginning at the edge of the droplet shortly after sample spotting. The image on the 

right shows the crystallization pattern after approximately 3 minutes of evaporation. Clearly, the 

matrix concentration is far too high for fluid localization to be achieved, but the images of SETs 

following matrix evaporation can be directly compared to MALDI results.   

 

 

Figure 3.13: A droplet of DHB (30 mg/mL in 50/50 MeOH/0.2% TFA, left) and the resulting 

dried matrix crystals (right) on a bullseye SET. 

 

Next, BKN (10 µM in 50/50 ACN/0.2% TFA) was combined with DHB (30 mg/mL in 

50/50 MeOH/0.2% TFA) in several ratios before spotting onto the SETs. Figure 3.14 shows 

microscope images and corresponding heat maps for ratios of 1:2, 1:10, and 1:100 of DHB:BKN 
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(v/v). The microscope images show that the high concentration of matrix inhibits localization to 

the SET centre. It appears that if the droplet is too concentrated, solid will precipitate out of 

solution early in the evaporation and deposit at the edges, thereby preventing localization in the 

centre. For effective preconcentration in the SET centre, droplet concentration needs to be low 

enough so crystal formation doesn’t begin until the droplet has significantly shrunk in size. The 

most notable observation from these experiments is even though droplet localization was not 

achieved, the spatial correlation between the microscope images and the heat maps was very good. 

Areas on the SET where crystals are visible show high analyte signals in the MALDI images, and 

areas of bare glass show little to no signal. As expected, dropping the concentration of DHB led to 

a much less intense BKN signal in the heat maps. These results confirmed that spatial information 

given by the MALDI-MS results were reliable and suggested that the issue was likely a result of 

matrix application method. 
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Figure 3.14: Optical micrographs (top) and corresponding MALDI heat maps (bottom) of 

BKN and DHB combined in a single drop (m/z = 1061.46). DHB:BKN ratios are (A) 1:2, (B) 

1:10, and (C) 1:100. A scale bar of arbitrary intensity units from 0 to 100 % for the heat 

maps is shown below. 

 

3.3.5 Imaging with HCCA 

A previous project in the group showed success at analyte spot size reduction using BKN 

spotted on Ultra-Ever Dry (UED) coated slides using α-cyano-4-hydroxycinnamic acid (HCCA) 

as a matrix. The coating, laser milling parameters and patterns, and matrix used in those 

experiments are different than this project. However, since those previous experiments seemed to 

retain analyte localization, the conditions were replicated to mitigate issues that occurred.  



 

59 

 

Firstly, for comparison to the earlier DHB experiments assessing analyte spot 

delocalization, the procedure was repeated using HCCA (7 mg/mL in 50/50 ACN/0.2% TFA). 

Figure 3.15 shows a dried spot of crystallized BKN before and after matrix spraying for 5 minutes 

using the humidifier. Due to the physical appearance of the matrix, it was difficult to discern the 

location of the analyte spot after matrix deposition. A red trace is used to show the initial analyte 

spot. 

 

Figure 3.15: BKN spots before (left) and after (right) 5 minutes of HCCA deposition in the 

glass chamber using the humidifier. Initial analyte spots shown in red. 

 

To recreate the conditions of the previous experiment, the following procedure was carried 

out: BKN (0.5 µL, 10 µM in 50/50 ACN/0.2% TFA) was spotted on ring/patch and bullseye SETs 

by pipetting and was allowed to evaporate. HCCA was sprayed on the slide using an ImagePrep 

device for one hour. MALDI imaging was used to generate heat maps of the two SET types with 

a raster width of 50 µm. Figure 3.16 shows the result for one of each of the SET types. Analyte 

can be seen to crystallize in the patch and bullseye centre (A and B, respectively). HCCA matrix 

spraying does not show any obvious analyte delocalization on the slide (C and D). The resulting 
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heat maps (E and F) do not show analyte signal over the entire SET area, but the localization is 

still not as expected. The ring/patch heat map (E) shows BKN signal around the outer patch and 

along the ring, but the centre of the patch does not show an increased concentration. Similarly, the 

bullseye heat map (F) shows some analyte signal, but the bullseye centre shows almost no 

intensity. Replicates of these SETs from the same slide (not shown) all show similar results.  

 

 

Figure 3.16: Optical micrographs showing spots of BKN evaporated on ring/patch and 

bullseye SETs before (A and B) and after (C and D) matrix deposition, and the resulting 

MALDI heat maps (m/z = 1061.22, E and F). A scale bar of arbitrary intensity units from 0 

to 100 % for the heat maps is shown below. 

 

Something unusual was observed during the HCCA experiments. While the location of 

analyte on the SETs was not correlated as well as expected with the microscope images, there was 
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a signal roughly 20 m/z higher than each BKN signal that exhibited similar if not better localization 

(Figure 3.17). This was first noticed for both ring/patch and bullseye SETs at a raster width of 50 

µm (Figure 3.17 A and B). Replicates of these were obtained at a 30 µm raster width to better 

visualize the difference in signal locations (Figure 3.17 C and D). Specifically, the ring/patch 

signal at 1081.56 m/z (Figure 3.17 C) shows an area of high intensity directly within the outer 

patch – where we would expect. However, the BKN signal (1061.24 m/z) seems to lack intensity 

within the patch but has areas slightly outside the patch and on the ring showed a stronger signal. 

Similarly, the bullseye SET (Figure 3.17 D) shows BKN signal (1061.33 m/z) within the inner 

bullseye quadrants but lacks a signal in the very centre. The second signal (1081.19 m/z) is more 

centralized and shows a higher intensity within the very centre. It is unclear what might be causing 

this signal ~20 m/z higher than the BKN signal. One would expect a signal 23 m/z higher for a 

sodium adduct.100 The peptide may be forming an adduct with another species, but confirmation 

of this would be challenging. Even if we assume a different unknown adduct is being formed, it is 

difficult to discern why this adduct would have a better spatial localization on the SETs than BKN. 

Another possibility for the unknown signal could be electrostatic variations across the surface. It 

is possible that the surface ablations from laser micromachining impact that conductivity of the 

surface in certain areas and inhibit charge transfer between matrix and analyte, which could lead 

to error in detected m/z.  
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Figure 3.17: MALDI heat maps of ring/patch (A and C) and bullseye (B and D) SETs showing 

BKN signal and second signal ~20 m/z higher. A and B are at raster widths of 50 µm, and C 

and D are at 30 µm. Exact m/z ratios for each heat map are listed below. A scale bar of 

arbitrary intensity units from 0 to 100 % for the heat maps is shown below. 

 

After discovery of the unusual signal at ~1080 m/z, older experimental data were reviewed 

to see if the signal existed with the use of other matrices. Indeed, the +20 m/z signal is also seen 

in experiments using DHB as a matrix. This suggests that the problem either lies in the analyte 

used (BKN), or an inherent issue with the surface. 

It was proposed that differences in laser mill depths could explain the signal at +20 m/z. 

The effect of sample stage height on mass accuracy and signal intensity in MALDI-ToF-MS has 

been previously reported.101 Assuming the trend in mill depth of ITO glass is similar to uncoated 

glass (Figure 2.10), one would expect a higher laser power (and thus deeper mill depth) might 
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increase the distance from to sample to the detector, and therefore cause analyte signal to appear 

at a larger m/z. However, this effect would likely be negligible. This inconsistency in time-of-

flight measurements would also agree with observations made in Figure 3.17 above, as areas with 

closer concentric laser passes (ring/patch perimeter and bullseye centre) would likely have a deeper 

profile. A study was designed to assess the effect of laser mill depth on detected m/z. A series of 

ring/patch SETs was milled with the following parameters: rings were milled at 0.5mW and 4 laser 

passes (same settings as previous), and outer patches were milled at increasing laser powers (0.5, 

1.0, 2.0, 4.0 mW) and 4 laser passes each. Figure 3.18 below shows the four SETs after laser 

milling.  

 

 

Figure 3.18: Optical micrographs of the four ring/patch SETs milled to assess mill depth 

effects on detected m/z. Laser powers of the milled outer patches were (A) 0.5 mW, (B) 1.0 

mW, (C) 2.0 mW, and (D) 4.0 mW. Scale bar is 100 µm. 

 

If the above proposition held true, a consistent m/z signal (~1061 m/z) would be seen 

around each of the rings, but the patch areas will exhibit increasing m/z signals with increasing 

laser power. BKN (10 µM, 0.5 µL) was spotted to each SET and evaporated. DHB (30 mg/mL in 

50/50 MeOH/0.2% TFA) was then applied using both previous methods (humidifier and manual 

droplet deposition) for a direct comparison. The analyzed mass range was also shorted to 900 – 
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1,500 m/z in hopes of increasing the intensity of both BKN and the +20 m/z signal. Figure 3.19 

shows the resulting heat maps for the 0.5, 1.0, 2.0, and 4.0 mW SETs (left to right) for both sprayed 

DHB (top) and DHB in droplet form (bottom). Interestingly, no signal at ~1080 m/z was detected 

for any of the 8 replicate runs. BKN (1061.36 m/z) is seen spread across the entire SET with no 

discernable areas of consistent preconcentration. Regions of BKN were seen to extend beyond the 

milled areas at the bottom of the heat maps (particularly for 2.0 and 4.0 mW SETs), which is 

typical of a larger MBZ resulting from higher laser powers. While these results suggest that mill 

depth is not responsible for errors in detected m/z, it is unclear why the signal around 1080 m/z 

was not detected. It is possible the signal sometimes arises from electrostatic variations across the 

surface, but further experiments should be run to confirm this. 
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Figure 3.19: MALDI-MS heat maps of BKN signal (1061.36 m/z) for ring/patch SETs using 

a humidifier matrix application (top) and a dried droplet matrix application (bottom). The 

order of laser powers follows that in Figure 3.18 with 0.5, 1.0, 2.0, and 4.0 mW from left to 

right. A scale bar of arbitrary intensity units from 0 to 100 % for the heat maps is shown 

below. 

 

3.3.6 Preconcentration with Modified Matrix Deposition 

Through many MALDI-IMS runs (not shown), it was observed that increasing the distance 

from the humidifier to the ITO slide during matrix application can mitigate some of the analyte 

delocalization seen previously. This is likely due to increased dispersion of the aerosol resulting 

in smaller matrix droplets striking the glass surface. The cover over the glass spray chamber was 

also removed to promote aerosol dispersion. As before, BKN (10 µM, 0.5 µL) was spotted on 4 

bullseye and 4 milled circle SETs and allowed to dry. DHB (30 mg/mL in 50/50 MeOH/0.2% 

TFA, 8 mL total) was applied from a height of 20 cm using the humidifier. Figure 3.20 shows the 
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dried BKN before matrix application and MALDI heat maps following analysis. Although the 

bullseyes show BKN signal over most of the SETs, there is a much more pronounced localization 

in the centres compared to previous results. As expected, the milled circle SETs lack these hotspots 

and instead show are BKN dispersed throughout, with certain perimeter regions having higher 

intensity (likely from the coffee ring effect).  
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Figure 3.20: Optical micrographs showing BKN dried over bullseye (A) and milled circle (B) 

SETs. MALDI heat maps of BKN (1061.45 m/z) on bullseye (C) and milled circle (D) SETs 

at a 50 µm raster width. Scale bar at the top right is 100 µm. 

 

Image analysis of the heat maps (Table 3.1) revealed nearly a 2-fold increase in average 

signal intensity within the bullseye centres compared to milled circles. While this is far from the 
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colourimetric preconcentration factor reported in Chapter 2 (18x), it has the bonus of consistent 

analyte localization; the bullseye centre eliminates the need to seek out hot spots across the surface. 

When MALDI is employed in a non-imaging method (i.e. single laser shots to identify chemical 

species as opposed to rastering an entire area), it is not unusual for the user to try several sample 

spots to obtain adequate signal. This is supported by heat maps of the milled circles (Figure 3.20 

D), where certain regions have little to no detectable BKN. Using the bullseye design in a high 

throughput analysis technique could drastically reduce the time taken by the user to obtain high 

signal intensities and could make the technique better suited for automation. Secondly, previous 

results suggest that the matrix application method delocalizes analyte and thus could hamper the 

preconcentration factor. An earlier imaging run with a bullseye SET (Figure 3.8), for example, has 

a preconcentration factor of 2.5 – an improvement of 40% from the results reported here. An 

improvement in matrix application method (ex. sublimation102) could raise the preconcentration 

substantially. Finally, it should be noted that MALDI-MS is only a semi-quantitative technique 

mainly due to matrix effects. While an improvement to signal intensities was observed within the 

bullseye centres, this platform may be better suited for other surface-based MS techniques (further 

discussed in Chapter 5).  
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Table 3.1: Summarized image analysis results for Figure 3.20. 

 

 

3.4 Conclusions 

This chapter aimed to expand upon the evaporative preconcentration mechanism 

introduced in Chapter 2. Bullseye SETs were developed as an improvement to ring/patch SETs to 

improve reproducibility. Heat maps of dried bradykinin on bullseye SETs were imaged using 

MALDI-ToF-IMS to visualize chemical spatial information following preconcentration. 

Preliminary results showed inconsistencies between optical micrographs and MALDI heat maps. 

Closer examination of SETs suggested that using a humidifier to apply matrix as an aerosol caused 

analyte to be localized after being preconcentrated, thereby rendering the technique ineffective. A 

dried droplet matrix application method (combining matrix solution with sample and spotting as a 

single droplet) showed much better consistency between micrographs and heat maps, but 

preconcentration was inhibited due to the high concentration of matrix within droplets. After fine-

tuning of the humidifier conditions (increasing aerosol dispersion), an increase of 1.8x in signal 

Bullseyes (n = 4)   

 Total Area (px
2
) Mean Greyscale Intensity 

1 5700 161.5 

2 5708 199.7 

3 5683 163.7 

4 5725 188.5 

Average 5704 +/- 17 179 +/- 19 

   

Milled Circles (n = 4)   

 Total Area (px
2
) Mean Greyscale Intensity 

1 126.9 x 103 112.7 

2 131.2 x 103 94.1 

3 129.9 x 103 98.9 

4 127.6 x 103 81.4 

Average 128 x 103 +/- 2 x 103 97 +/- 13 

   

Preconcentration Factor 1.8 +/- 0.3 
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intensity was observed in bullseye centres compared to milled circle SETs. Adjustments to analyte 

type, matrix type, and matrix application method could substantially improve this preconcentration 

factor. These improvements to MALDI sample preparation could greatly shorten analysis times 

and aid in automated analyses. Other methods to employ evaporative preconcentration are 

discussed in Chapter 5.  
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Chapter 4                                                                                                                    

Ultra-Dense Droplet Arrays as a Proof of Concept for Single Cell Analysis 

4.1 Introduction 

Cells are the basic functional and structural unit in living organisms. In multicellular 

organisms, cells communicate by direct contact or chemical signaling depending on their 

proximity to one another.103–105 Due to these complex signaling pathways and extensive molecular 

interactions, the treatment of diseases such as cancer, diabetes, and neurodegenerative disorders 

remains a challenge.106,107 Recent works have shown that the analysis of single cells and their 

metabolites can help understanding complex biological systems that could never be gathered by 

analyzing population averages.108,109 This is because even genetically identical cells within a 

population can still exhibit different phenotypes.110–112 Analytical platforms that enable non-

targeted molecular analysis of single cells are therefore crucial in order to study events related to 

cell individuality and heterogeneity. 

 Fluorescence-activated cell sorting (FACS) is a technique used in the first commercial cell 

sorter.113 The technique relies on using fluorescent probes or stains to tag and identify cells by 

their type. In traditional FACS systems, tagged cells are encapsulated in an aerosol droplet and 

organized into a laminar flow stream which meets a laser beam. The resulting fluorescence from 

the cells is analyzed, and each cell is discretely sorted electrostatically.114–116 Modern FACS 

instruments are automated, robust, and boast sorting speeds up to 50,000 cells per second.8,116 

However, FACS as a technique is hampered by some persistent limitations including high 

operating pressures, bulky instrumentation, highly trained personnel needed to operate complex 

machinery, and a risk of sample contamination from the sorting of aerosolized cells.116   
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MF devices have emerged as an efficient tool to circumvent the issues encountered with 

single cell analysis. Some common methods are flow-based devices with encapsulated 

droplets,117,118 microtraps,119 and microwells on open surfaces.120,121 Trapping cells on open 

surfaces (microwells, microspots) are of particular interest as the confinement of single cells in 

defined spaces makes it simple to address, manipulate, and analyze them with high throughput 

capacities. Unfortunately, current methods are still limited in tedious fabrication procedures, 

spatial resolution, and sample preparation and administration.122  

This chapter explores the use of laser micromachining to create ultra dense arrays of 

“microspots” – tiny hydrophilic regions about 15 µm in diameter – for isolating single particles on 

a surface. As in chapters 2 and 3, glass substrates are first coated with a hydrophobic coating. Laser 

micromachining is then used to remove the coating in precise areas. By using single laser shots, 

particle-containing droplets in the nano- to picolitre range can be arrayed and then evaporated, 

leaving single particles in well-defined locations. Microspot array fabrication parameters are 

explored and optimized for trapping single particles. The data is shown to provide groundwork for 

surface-based MS analysis of single cells. 122 

 

4.2 Experimental 

4.2.1 Materials 

Standard glass microscope slides (76 x 25 x 1.0 mm) were purchased from Fisher Brand 

(Pittsburgh, PA, USA). Reagent grade methanol was purchased from Sigma Aldrich (St. Louis, 

MO, USA). Aculon AL-A (adhesive surface treatment) and Aculon A (hydrophobic coating) were 

purchased from Aculon (San Diego, California, USA). Kromasil® spherical silica particles (7 and 
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13 µm diameter) were purchased from Akzo Nobel (Amsterdam, Netherlands). All aqueous 

solutions were prepared using distilled, deionized water.  

 

4.2.2 Substrate Preparation and Patterning 

Glass microscope slides were dip-coated with Aculon according to the procedure in Section 

2.2.2. Substrate patterning was again accomplished using laser micromachining, but with a 

different procedure: instead of making mill patterns using external software, a “percussion array” 

command within the Cimita® laser software was used. The command allows the user to make 

arrays of single laser shots or “microspots” (~ 15 µm diameter). Parameters to control the milling 

are laser power, laser shot duration, microspot spacing in x and y directions, and translational speed 

between microspots.   

 

4.2.3 Particle Administration 

Several suspensions of silica particles in water and methanol were prepared and vortexed 

for 30 seconds each. Particle suspensions were deposited onto microspot arrays by DDW using a 

glass pipette.  

 

4.2.4 Particle Imaging and Counting 

After microspot arrays were filled by DDW, the liquid evaporated, leaving particles behind. 

An optical microscope was used to image deposited particles. Particle counting was performed 

manually. Images of each array (10 x 10 microspots) were examined and the number of microspots 

containing 0, 1, 2, 3, 4, and 5 or more particles were tabulated. As a result of the MBZ, particles 

were rarely found directly over the microspots, but rather within a certain radius. For this reason, 
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particles that were found within 100 µm of a microspot were tabulated. Particles that were not 

within this radius were omitted as outliers. 

4.3 Results and Discussion 

4.3.1 Microspot Array Fabrication 

Dense arrays of “microspots” were milled into Aculon coated glass slides using laser 

micromachining. As in Chapter 2, laser patterned surfaces exhibit spontaneous wetting through 

DDW; small droplets are spontaneously pinned and deposited onto the milled features when a 

larger liquid volume is pulled over the surface. The same DDW mechanism is seen here with the 

microspots, but on a much smaller scale. Figure 4.1 shows an array of water droplets made by 

DDW on microspots. Each microspot was fabricated by firing the laser (15 µm beam width) for 

0.1s at a power of 10% (4.5 mW) and an x/y spacing of 250 µm. An array of 100 microspots is 

fabricated in under 30 seconds. Tiny droplets deposited on these microspots serve as an attractive 

option for single cell isolation, culturing, and analysis due to their scale. Thousands of individual 

droplets can be arrayed and spatially resolved, making the platform well-suited for high throughput 

operations. 
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Figure 4.1: Array of water droplets on microspots deposited by DDW (milled at 250 µm x/y 

spacing, 4.5 mW). Scale bar is 100 µm. 

 

As with SET patterning in Chapter 2, a result of laser micromachining is the MBZ, or and 

extension of the wetting diameter beyond the milled area. Previous results showed that the 

magnitude of the MBZ depends strongly on laser power. For this reason, testing was carried out 

using a single laser power (10%, 4.5 mW) that showed consistent wetting (optimizations were 

carried out relative to the single laser power used). Figure 4.1 above shows that the droplet edges 

extend beyond each single laser spot due to this MBZ effect. Figure 4.2 below shows an example 

of an array with too low of a spacing between microspots. The size of the MBZ eclipses the droplet 

diameters, so the droplets merge together and lose their spatial separation. Several procedures were 

tried (sonication in solvents, water/soap) to clean the slides following laser micromachining and 

reduce the MBZ, but it was found that the MBZ was needed for sufficient wetting. Sonicating the 

slides in methanol, for example, reduced the magnitude of the MBZ by over 50%, but liquid 

droplets deposited on these microspots evaporated almost immediately. To maintain a suitable 

droplet volume for particle deposition, microspots were not cleaned following fabrication. 
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Figure 4.2: Array of water droplets deposited by DDW (200 µm x/y spacing, 4.5 mW). Scale 

bar is 100 µm. 

 

Several arrays were milled to determine the minimum spacing required to show droplet 

separation. For water, the minimum required x/y spacing for microspots was determined to be 250 

µm at 10% laser power (Figure 4.3). Since the surface tension and thus the wetting diameter 

changes with solvent type, it should be expected that droplets of organic solvents (methanol, 

acetonitrile, etc.) would require a slightly larger spacing to account for the larger wetting diameter. 

It was later confirmed that methanol required a minimum microspot spacing of 300 µm for droplets 

to be spatially resolved (not shown). Even at this increased spacing, a standard microscope slide 

still has the capacity to store over 20,000 microspots. 
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Figure 4.3: Microspot arrays (4.5 mW) milled at variable x/y spacings. Spacings (µm) are 

listed above/below each array. Scale bar is 100 µm. 

 

4.3.2 Optimizing Particle Isolation on Microspot Array 

To assess the suitability of the microspot arrays for single cell isolation, suspensions of 

silica particles in different solvents were made to mimic cell suspensions. If the suspension was 

assumed to be homogeneous, the spontaneous wetting nature of the microspots would result in a 

well-defined quantity of particles being present in each small droplet. After allowing the droplets 

to evaporate, particles would be discretely arrayed. By adjusting the concentration of the particle 

suspension, the aim was to isolate one particle per microspot. Figure 4.4 below shows several 7 

µm diameter silica particles (indicated by blue circles) (2 mg/mL in methanol) “painted” onto a 

microspot array (300 µm spacing, 10% laser power) by DDW. 
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Figure 4.4: Silica particles (7 µm diameter) isolated around microspots by DDW. Particles 

are indicated by blue circles, and the scale bar in red is 100 µm. 

 

After this, several particle concentrations (0.2 – 1 mg/mL range) were trialed until it 

appeared that single particles were trapped on each microspot. Once the approximate concentration 

range (0.2 mg/mL) was found, it was investigated in more detail for spacing optimization. Figure 

4.5 and Table 4.1 below detail the particle isolation data for 0.2 mg/mL of silica particles in 

methanol on 10x10 microspot arrays at several x/y spacings (n = 4). Capture efficiency, 

represented as a percent of the 100 total microspots in each array, is plotted against the number of 

trapped particles. It should be noted that microspots that captured 5 or more particles are binned 

together under the “5” column, so the actual number of trapped particles is higher in some cases. 

Bar charts were chosen to represent the data since the trend in capture efficiencies can be visually 

compared. The data clearly shows that at 250 µm spacing (red), microspots are too close together 

and the droplets smear, resulting in about 30% of spots having 5 or more trapped particles. Once 

the spacing is increased to 300 µm, the percent of microspots having 5 or more particles drops to 
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about 3%, which confirms the assumptions for the MBZ requirements for lower surface tension 

solvents. For 300, 350 and 400 µm spacing (blue, green and purple, respectively), the capture 

efficiencies are all comparable with average single particle capturing efficiencies of 33, 30, and 

30% efficiencies, respectively. This is to be expected, as once the issue of MBZ causing droplets 

to smear is avoided, droplet spacing should have little effect on the number of particles captured 

per microspot. 300 µm was therefore selected as the optimized array spacing due to the 

combination of average number of trapped particles being close to 1.0 (Table 4.1), the highest 

percentage of spots with single isolated particles (33 +/- 5%), and the higher microspot density 

over the 350 and 400 µm spacings. 

 

Figure 4.5: Microspot spacing optimization with 0.2 mg/mL silica particles. Capture 

efficiencies (shown as percents) of microspot arrays milled at 10% power and variable 

spacing (listed on right in µm) (n = 4). 
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Table 4.1: Summarized results from the microspot spacing optimization (Figure 4.5). Spots 

with single particles are reported to the nearest percent and average particles per spot are 

reported to two decimal points (n = 4). 

Array Spacing (µm) Spots with Single Particles (%) Average Particles per 

Spot  

250 13 +/- 3 2.38 +/- 0.73 

300 33 +/- 5 1.21 +/- 0.50 

350 30 +/- 3 1.18 +/- 0.32 

400 30 +/- 3 2.65 +/- 0.64 

 

Once the optimized microspot spacing was found, another study was conducted to further 

assess the impact of particle concentration. Silica particles in methanol (0.20, 0.15 and 0.10 

mg/mL) were painted onto arrays with 300 µm spacing. Figure 4.6 and Table 4.2 show the particle 

isolation results (n = 4). As expected, increasing particle concentration resulted in a shift in the 

distribution of number of trapped particles due to a greater number of particles per droplet. The 

percentage of microspots with single particles for all three trials were within error, and the average 

number of particles per spot increased linearly with particle concentration (R2 > 0.99, graph not 

shown). For this study, 0.15 mg/mL was selected as the optimized particle concentration since it 

had an average particle per spot closest to 1.00. 
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Figure 4.6: Particle concentration optimization on microspot arrays milled at 10% laser 

power and 300 µm spacing. Silica particle suspensions were 0.10 (green), 0.15 (blue), and 

0.20 (red) mg/mL in methanol (n = 4). 

 

 

Table 4.2: Summarized results from the particle concentration optimization (Figure 4.6). 

Spots with single particles are reported to the nearest percent and average particles per spot 

are reported to two decimal points (n = 4). 

Particle 

Concentration 

(mg/mL) 

Spots with Single Particles (%) Average Particles per Spot  

0.10 32 +/- 4 0.48 +/- 0.04 

0.15 32 +/- 5 0.84 +/- 0.10 

0.20 33 +/- 5 1.21 +/- 0.50 

 

Finally, to demonstrate how the isolation behaviour changes in response to particle size, 7 

µm diameter silica particles were compared with 13 µm diameter particles. Figure 4.7 illustrates 

the change in capture efficiencies, and Table 4.3 summarizes the results (n = 4). The previously 

optimized parameters (300 µm spacing, 10% laser power, 0.15 mg/mL in methanol) were used. 

Two points should be emphasized about the data. Firstly, four or more 13 µm particles could not 
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be trapped on microspots, as indicated by the graph. Since the concentration of particles is 0.15 

mg/mL, it is expected that fewer particles would be trapped per microspot. It should also be noted 

that the trend in capture efficiency by increasing particle size closely resembles the trend of 

decreasing particle concentration (Figure 4.6). In fact, the data for 7 µm particles at 0.10 mg/mL 

(32% spots with single particles, 0.48 average particles per spot) matches very closely with 13 µm 

particles at 0.15 mg/mL (32% spots with single particles, 0.51 average particles per spot). 

 

 

Figure 4.7: Comparison of particle isolation for 7 µm (blue) and 13 µm (red) diameter silica 

particles (0.15 mg/mL) in methanol. Microspot arrays were milled at 10% laser power and 

300 µm spacing. 
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Table 4.3: Summarized results for particle size comparison at 0.15 mg/mL in methanol. Spots 

with single particles are reported to the nearest percent and average particles per spot are 

reported to two decimal points (n = 4). 

Particle Diameter 

(µm) 

Spots with Single Particles (%) Average Particles per Spot  

7 32 +/- 5 0.84 +/- 0.10 

13 16 +/- 5 0.51 +/- 0.10 

 

The final optimized fabrication parameters are summarized in Table 4.4 below. Capture 

efficiencies were found to be sensitive to particle concentration and size, but not to microspot 

spacing. The single particle occupancy of microspots (32 +/- 5%) is higher than a literature source 

(~25 % occupancy) which reports cell isolation on a microfluidic chip using PDMS framework, 

122 however these are difficult to directly compare due to differences in particle type. The use of 

DDW to administer particles to microspots has inherent error. Since the speed at which the pipette 

tip is dragged along the surface is dependent on the user, results between experimenters could 

differ. An automated deposition system could significantly aid in the reproducibility of these 

studies. Regardless, these results suggest the platform could be well-suited as a device to isolate 

and analyze single cell specimens.  

Table 4.4: Optimized microspot array fabrication parameters. 

Solvent Methanol 

Particle Type and Diameter Silica, 7 µm 

Microspot Spacing  300 µm 

Laser Power  4.5 mW 

Particle Concentration 0.15 mg/mL 

Spots with Single Particles (%) 32 +/- 5 

Average Particles per Spot  0.84 +/- 0.10 
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4.3.3 Microspot Arrays for High Resolution Applications 

Microspot arrays can capture sub nanolitre volumes of liquid and arrange them in precise 

locations. By controlling solute concentration, single particle isolation is enabled by allowing the 

droplets to evaporate. However, the applications for this platform extend beyond particle/cell 

capture. Given that Aculon is omniphobic, a range of solvents can be confined on microspots. 

Dimethylsulfoxide (DMSO) was trialed in the early stages of microspot experiments. As it is very 

non-volatile in comparison to other common organic solvents (methanol, acetonitrile), evaporation 

of DMSO droplets on microspots occurs much slower. Methanol droplets evaporate almost 

immediately after being deposited on microspots. DMSO, however, takes over two minutes to dry 

at the optimized fabrication parameters detailed in 4.3.2. This means that droplets of DMSO could 

be used for droplet stamping – a method that has seen growth in recent years for its applicability 

to surface-based MS techniques.123–125 Liquid droplets on microspot arrays could be brought into 

contact with a surface of interest (eg. tissue) to extract analyte, and then removed to allow droplets 

to dry. From there, surface-based MS techniques (MALDI, desorption electrospray ionization 

(DESI), etc.) could be used to obtain both chemical and spatial information with high resolution.  

Current microspot array densities (15 µm spots with 300 µm x/y spacing) already greatly 

exceed the capacities of microwell plates (96, 384, and 1536 well). For example, Perkin Elmer’s 

1536-well CellCulture™ plates measure 128 mm x 85 mm and have 1536 wells with a 1.5 mm 

diameter. This gives the 1536 plate an approximate density of 14 microwells/cm2. Microwell plate 

dimensions are restricted due to the nature of fluid filling; microwells cannot be made too narrow 

as a consequence of fluid surface tension, and the necessity for walls separating each microwell 

heavily limits the capacity. In comparison, microspot arrays on microscope slides measure 75 mm 
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x 25 mm with 18,500 theoretical microspots measuring 15 µm in diameter (accounting for an x/y 

spacing of 300 µm). This gives microspot arrays an approximate density of 1000 microspots/cm2. 

Microspot capacities are far greater because of the “reverse meniscus” capabilities of open surface 

droplet platforms (fewer surface tension restrictions) and the lack of necessity for walls. 

Furthermore, recent experiments suggest that subjecting glass slides to cleaning procedures 

(sonication in organic solvents or water/soap solutions) after laser micromachining can reduce the 

magnitude of the MBZ and thus minimize microspot spacing. Coupling a reduced MBZ with a less 

volatile solvent (DMSO) could increase throughput capacities even further.  

 

4.4 Conclusions 

This chapter explored the use of laser micromachining to fabricate ultra-dense droplet 

arrays as a proof of concept for single cell isolation. Silica particle suspensions in methanol were 

used to mimic cell suspensions. Microspot array spacing and particle concentration were optimized 

to maximize single particle occupancy and to average as close to 1 particle per microspot as 

possible. The effect of increasing particle size was also explored. Capture efficiencies were shown 

to depend strongly on both particle concentration and particle size, but only weakly on microspot 

spacing. A 32% single particle occupancy was obtained, which compares well with a similar 

literature source,122 and the average number of particles per microspot was optimized at 0.84. 

Optimized arrays boast a capacity of over 20,000 microspots on a standard microscope slide, 

making the platform attractive for high throughput applications. Further improvements to fluid 

administration would also aid in the reproducibility of the data. 
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Chapter 5                                                                                                

Conclusions and Future Work 

SDMF devices have proven to be very useful for analytical techniques, particularly since 

they enable high throughput analysis on a miniaturized scale. In addition to their typical advantages 

(lower sample consumption, ease of use, automation capabilities), SDMF platforms can also 

provide improvements to detection sensitivities. Hydrophilic/hydrophobic patterned surfaces are 

an effective method for obtaining miniaturized sample platforms capable of holding hundreds of 

samples per square centimetre. Allowing droplets to evaporate on a surface provides a simple 

means to deposit discrete arrays of sample. However, a drawback of this method is the coffee ring 

effect, which results in heterogeneous sample spots and an overall decrease in sample per unit area. 

By modifying the shape of hydrophilic anchors on the surface, droplet evaporation dynamics can 

be leveraged so that passive preconcentration is achieved. This thesis aimed to investigate how 

SDMF surfaces can be modified using laser micromachining to mitigate the impact of the coffee 

ring effect and increase detection sensitivities in surface-based MS applications.  

 Chapter 2 reported preliminary investigations into evaporative preconcentration. 

Hydrophobic coated glass microscope slides were modified using laser micromachining to produce 

SETs. Instead of uniform ablated areas, single circular cuts (“rings”) were found to be effective 

for confining droplets on the surface. A droplet that is pinned to the surface by only its edges 

behaves differently during evaporation than a droplet pinned along its entire diameter. By 

incorporating separate hydrophilic zones (“patches”) into the ring SETs, sample-containing 

droplets can be localized to the patches during evaporation which results in areas of high signal-

to-noise. The mill-broadening zone (MBZ) – an extension of surface hydrophilicity outside the 

milled regions – was found to depend strongly on laser power and less strongly on the number of 
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laser passes. It was determined that a minimum MBZ is required to achieve effective localization 

during evaporation. Optimal ring/patch SET fabrication parameters were found to be 500 µm/120 

µm diameters at 0.5 mW laser power with 10 laser passes. Evaporative preconcentration was 

demonstrated using colourimetric detection of cadmium-dye complexes, where an increase of 18x 

in sensitivity was observed. 

 Chapter 3 expanded the use of evaporative preconcentration to MALDI-MS analysis. A 

new SET design (bullseye) was developed to mitigate reproducibility issues related to surface 

wetting and evaporation behaviour encountered in Chapter 2. Peptide solutions (bradykinin, BKN) 

were evaporated over bullseye SETs and compared to milled circle SETs – or uniform ablated 

areas of glass. MALDI-MS heat maps of bradykinin signal revealed a 2-fold increase in average 

signal intensities within bullseyes centres compared to milled circles. Several complications were 

encountered during MALDI-MS experiments that could help explain the lower-than-anticipated 

signal intensity increase. Firstly, a mini portable humidifier used to deposit aerosolized matrix over 

the substrate was found to create inconsistencies between optical micrographs and MALDI heat 

maps. After being evaporated initially over the SET, analyte appeared to be resolubilized and 

delocalized across the surface by the aerosolized matrix, resulting in a loss of spatial information. 

Optical microscopy was used to investigate this in more detail. Similar issues were encountered 

by using a Bruker® ImagePrep to deposit matrix. Suitable analyte localization was eventually 

achieved by increasing the distance from the humidifier to the substrate, and by removing the cover 

over the spray chamber to improve aerosol dispersion. Secondly, a signal ~ 20 m/z higher (~ 1080 

m/z) than BKN was observed in some MALDI runs that displayed similar spatial information to 

the BKN signal (1061 m/z). Experiments to test for an effect of mill depth on detected m/z were 

inconclusive. It is possible that modification of the ITO surface by laser micromachining imparts 
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electrostatic effects during the detection, resulting in an error in detected m/z. Further experiments 

should be carried out to investigate this. Finally, it should be noted that MALDI-MS is only a semi-

quantitative technique, so preconcentration factors can be difficult to report. The primary benefit 

of analyte localization is the ability to locate and identify a species of interest in a shorter time. 

Bullseye SETs can preconcentrate samples and improve signal-to-noise ratios, but also help to 

decrease analysis time and allow automation due to consistent analyte localization.  

 Chapter 4 diverged from evaporative preconcentration and instead explored the use of laser 

micromachining to fabricate ultra dense droplet arrays of “microspots”. Microspot arrays are 

milled very quickly using single laser shots and are comparable in size to the beam width (~ 15 

µm). Droplets with diameters < 150 µm and sub nanolitre volumes can be individually arrayed on 

microspots by DDW. These dimensions make the platform suitable for single particle/cell isolation 

and analysis. As a proof of concept, suspensions of silica particles in methanol were made to mimic 

cell suspensions and were applied to microspot arrays using DDW. An in-depth study on particle 

isolation was carried out. Microspot fabrication parameters were optimized according to average 

number of particles per microspot and single particle occupancy percentage. The effects of 

microspot x/y spacing and particle size on isolation efficiency were also investigated. Final 

optimized parameters for 7 µm particles were determined to be 300 µm microspot spacing, 4.5 

mW laser power, and 0.15 mg/mL particle concentration. Optimized microspot arrays had a single 

particle occupancy of 32% with an average of 0.84 particles per spot.  

 Future work on evaporative preconcentration should focus on techniques that can better 

leverage an increase in detection sensitivities. While MALDI-MS analyses benefit from analyte 

“hot spots” to decrease analysis time and allow automation, the technique is ultimately hindered 

from its limited quantitation abilities. Evaporative preconcentration would be well-suited for a 
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recently developed surface sampling technique commonly referred to as a liquid microjunction,126 

flowprobe,127 or open port interface (OPI).128 The OPI employs two capillaries in a coaxial tube 

geometry to sample soluble materials from an open surface for ionization and detection by MS. 

The OPI is designed to deliver a continuous flow of solvent which forms a liquid junction at the 

tip. Sample is desorbed from the surface into the liquid at the probe tip and is aspirated directly to 

the ionization source in the form of a sample plug. The technique has seen success in high 

throughput analyses of a wide range of analytes, owing to its suitability for automation and 

quantitation. Evaporative preconcentration is an attractive method to employ in dried droplet 

analysis using an OPI. If the dimensions of SETs and the probe tip are well-matched, evaporative 

preconcentration could help introduce a denser sample plug into the solvent stream and achieve 

higher detection sensitivities. Figure 5.1 below shows a concept design of evaporative 

preconcentration in OPI-MS analysis.  
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Figure 5.1: Concept design of evaporative preconcentration used in conjunction with OPI-

MS. (A) Typical OPI measurements are carried out by contacting the probe tip with a dried 

surface sample, which is then aspirated to the ionization source in the MS. (B) By using a 

bullseye or similar preconcentration SET in combination with a smaller OPI probe, a more 

concentrated sample plug could be introduced. 

 

Future work that can build off Chapter 4 should be focused on applying ultra dense 

microspot arrays to single cell analysis. SDMF platforms for single cell analysis are already 

reported in literature,122 but laser micromachining can likely provide advantages such as easier 

fabrication, increased sample capacity, higher wetting reproducibility and single cell occupancy. 

Microspot spacing and laser powers (MBZ) can be adjusted to accommodate different cell sizes. 

Different solvents should be explored for their wetting and evaporation characteristics. A 

preliminary experiment could be depositing fluorescent-tagged cells onto microspots and 
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observing cell confinement under a fluorescence microscope. Microspots could also be used for 

droplet array stamping experiments, as mentioned in 4.3.3. The droplet capacity achievable on 

microspots coupled with low volatility solvents (eg. DMSO) could help tailor the platform for high 

resolution imaging.  
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