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Abstract 

The primary objective of this thesis is to design and engineer new platforms with the 

potential for creating new analytical techniques as well as improving established methods. The 

first portion of this thesis investigates the utilization of commercially available capillary- and 

microstructured fiber templates for the synthesis of functional polymeric materials with 

controllable chemical composition and morphology. This process has also been adapted to form 

materials in a planar fashion with similar morphology towards the development of robust 

superhydrophobic materials. In additional work, a laser micromachining system was employed to 

spatially control the wettability of commercially available superhydrophobic materials and the 

spontaneous deposition of sub-µL volumes was investigated. Laser spots as small as 100 µm 

facilitated the deposition of droplets 400 pL in volume. Theoretically, patch sizes as small as 15 

µm can be fabricated, however, using the techniques presented there are significant limitations in 

the ability to quantify the volumes deposited on these patches. 

The remainder of this thesis looked to design, fabricate, characterize, and post-process 

novel microstructured fibers for mass spectrometry applications. In these works, the synergistic 

effects of spatially altering the chemical composition of the fiber and flow-protected wet-

chemical etching were used to form microstructured nozzles at the fiber facet. These micronozzle 

arrays were further tested for their optical lensing and electrospray properties for various 

applications.  
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Chapter 1 

Introduction 

For the entire existence of human life on Earth, we have been limited in what we 

do by the tools that we have. From the stone tools used millions of years ago, to the 

Space-X rocket today, every material, tool, and device has been designed to serve a 

unique purpose. Less apparent to the public are the devices behind closed doors, such as 

those specifically developed for facilitating and conducting research. As scientists 

continue to push the limits of exploration into the complex processes that govern the 

world we live in, the need for more advanced instrumentation with increased sensitivity 

and precision becomes increasingly more important. As decades pass, novel materials, 

methods, and instrumentation modifications govern the ability to reach higher 

sensitivities and lower limits of detection. Many of these modifications are to the internal 

components of the instrument and are implemented into the next generation of 

instruments. Other modifications, such as those in this thesis, can be as small as a few 

human hairs and serve as an auxiliary component to instruments around the world. These 

modifications can be made “on-the-fly” to pre-existing instrumentation for performance 

enhancement.  There is also an aggressive drive towards turning such advanced 

instrumentation into more basic devices that can operate in homes worldwide. As a result 

of this drive, there is a necessity for smaller and more cost-effective systems with 

comparable or increased functionality and sensitivity.  

The work presented in this thesis outlines the development of materials, methods, 

and integrated systems, which contribute to the creation of more sophisticated and 
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sensitive analytical instrumentation. It also allows for increasingly portable lab-on-chip 

devices (LOC). The theoretical background of this research covers a vast and diverse set 

of subject matter including optical fibers, ray-optics and lensing, advanced wet-chemical 

etching, electrospray-ionization mass spectrometry (ESI-MS), templated porous polymer 

synthesis, superhydrophobic material synthesis and patterning, and others. Although there 

exists an overlap in the theoretical background of some of the work presented, the 

introduction of this thesis is organized into two major sections: microfluidics and surface 

wetting, and microstructured fibers and mass spectrometry.  
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Part I – Microfluidics and Surface Wetting 

1.1 Microfluidics 

1.1.1 Overview 

The development of microfabricated integrated circuits (IC) and 

microelectromechanical systems (MEMS) dramatically altered the way humans live and 

perform science. Everything from toys, in-home appliances, and smartphones to wearable 

technology, automotive instrumentation, and laboratory devices have been products of 

such developments. Naturally, a similar development known as microfluidics emerged to 

allow for the automation and simplification of otherwise complex chemical, biological, 

and medicinal processes. Microfluidics, the science and technology of manipulating and 

controlling small volumes of fluids, has since revolutionized many electronic, chemical, 

and biochemical fields of research.  But, how small is a “small volume”? The boundaries 

are still a topic of debate, however, the field of microfluidics typically involves the 

manipulation of fluids in the range of 10-6 to 10-9 L.1, 2 Putting this into perspective, the 

maximum fluid volume of this range is similar to what a mosquito extracts during a 

single bite3. In another instance, the amount of water Niagara Falls would produce while 

flowing for less than 1 billionth of a second would provide a liquid droplet of adequate 

size for microfluidic analysis.4 The manipulation of these small-volume fluids is typically 

performed in (or on) a microfluidic chip, more generally referred to as a microfluidic 

device. 

Microfluidic devices, also known as micro-total analysis systems (µTAS) or lab-

on-a-chip devices are miniaturized platforms that integrate a single step or several steps 

of chemical analysis onto a single device.2, 5, 6 While the first miniaturized gas 
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chromatography (GC) method was presented in 19797, it was not until the late 1990s that 

microfluidics began to rapidly grow as a field of scientific research. As per Web of 

Science™, in 1996 there was only a single scientific article with “microfluidics” listed as 

a topic. This number has dramatically increased to nearly 1500 scientific articles in 2015 

and is comprised of articles published in journals ranging from the most common 

microfluidics research area, chemistry, to orthopedics8, oceanography9, and sports 

science.10 These numbers exclude books, conference proceedings, and several other 

means of publication; Figure 1.1 shows the trend of such publications. Many believe that 

the onset of microfluidics and rapid growth of academic microfluidic technology is a 

direct result of the implementation and successes of capillary-based microanalytical 

systems such as liquid chromatography (LC), GC, and capillary electrophoresis (CE). An 

additional motivation for the development of microfluidic devices came after the 

conclusion of the Cold War, when programs were initiated that aimed at developing 

systems that could be deployed to detect chemical and biological warfare agents in the 

field.1 The rapid increase of interest in this area has led to the integration of a significant 

number of chemical and biological analyses onto microfluidic platforms due to the 

advantages of miniaturization. In 2006, George Whitesides (a pioneer of microfluidics) 

mentioned that “…microfluidics seems almost too good to be true: it offers so many 

advantages and so few disadvantages.”1  
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Figure 1.1: Increasing trend of scientific articles (as per Web of Science™) 

published with a “microfluidics” topic in various journals from 1996-2016. 

The advantages of microfluidics all stem from miniaturization. A reduced 

platform size leads to lower volumes of sample and solvent required for analysis, faster 

analysis times, higher resolution for separations, lower detection limits, and an overall 

reduced cost of operation.1, 2, 6, 11-14 While operation and functionality is of the utmost 

importance, other advantages lie in the fabrication of such devices. With the development 

of a low-cost, versatile, high quality and diverse set of polymeric materials, scientists can 

utilize materials with different properties (hydrophobicity, optical transparency, chemical 

composition, etc.) depending on the intended application(s) of the device. This, compared 

to the original devices (fabricated using more expensive materials such as glass or 

silicon) also offers reduced fabrication times and allows for more rapid prototyping. 

More recently, this field has witnessed the development and implementation of entirely 

paper-based devices, which provide significant reduction in cost and analysis times.15-18 

Furthermore, the popularity surrounding 3D printing has led to a sharp increase in 
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devices fabricated from various materials using a 3D printer.19-25  Regardless of the 

method of fabrication and application, microfluidic devices and techniques are generally 

classified as either continuous-flow (also known as in-channel microfluidics) or digital 

microfluidics (DMF). In general, continuous-flow systems primarily pertain to those 

where the sample is addressed in bulk, compared to DMF, where the liquid is dealt with 

as discrete quantities or droplets.  It is important to note that the term “droplet-based 

microfluidics” is typically associated with DMF approaches; however, recent advances in 

utilizing continuous-flow systems for the generation of discrete droplets has led this 

classification to be somewhat of a misnomer.  

1.1.2 Continuous-flow Microfluidics 

Continuous-flow microfluidics, also known as in-channel microfluidics, relies 

primarily on the flow of liquids through narrow channels with controllable flow rates and 

flow directions. In most cases, an external force applied to the bulk of the liquid 

generates motion in a predetermined path, typically in the form of complex 3D 

geometries fabricated via etching or machining. External pumps, valves, and power 

controls regulate and manipulate fluid flow within the device and such systems are 

typically classified based on their mechanism of flow (i.e. capillary forces26, pressure27, 

centrifugal28, 29, electrokinetic30-33, acoustic34, 35, etc.). As with established in-channel 

techniques such as LC and CE, continuous-flow devices also rely on aspects of flow 

dynamics such as laminar and turbulent flow regimes to drive and mix liquids, 

respectively. Depending on the application of the device, it is important to consider all 

aspects of the instrument in order to evaluate the feasibility of miniaturization. For 

example, LC systems require high pressures (>50 bar) and as a result, the device 
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(specifically the channels) must be able to withstand such pressures for successful 

miniaturization. Since the first miniaturized GC, more complex continuous flow systems 

have been developed such as that shown in Figure 1.2 A, wherein a microfluidic 

bioreactor was developed to monitor bacteria behaviors.36 

 

Figure 1.2: (A) Photograph of a complex, continuous-flow microfluidic chip 

containing six microchemostats that operate in parallel. Balagaddé et al. developed 

the chip for long-term culturing and monitoring of small populations of bacteria 

with single-cell resolution.36 (B) Two standard methods for droplet generation in 

channels; top: droplet formation in a flow-focusing device, bottom: droplet 

formation from jetting in a flow-focusing device.37 

For an extended period, droplet-based microfluidics was entirely associated with 

digital microfluidics; however, a more recently developed paradigm utilizes continuous-

flow systems (such as those of Figure 1.2 B) to generate droplets and use them for 

various applications.38-40 In the literature, researchers have shown multiple methods of 

generating41-43, fusing44-47, splitting48-50, mixing51, and sorting discrete droplets52, 53 using 

in-channel microfluidics. In all applications, bulk or droplet alike, the reduced sample 
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consumption and portability offers a large advantage over conventional methods. For 

example, it is much easier to bring a wallet- or shoebox-sized device into the field 

compared to conventional LC and other analytical equipment.  For many continuous-flow 

systems, the platform is limited to a given application and the ability to miniaturize an 

entire assay on a single device is difficult, making such devices less favorable for point-

of-care applications. Furthermore, the etching and machining methods can be 

cumbersome and the overall fabrication process can be complicated.54 Digital 

microfluidics offers a more versatile and relatively less complicated method toward the 

miniaturization of analytical instrumentation.  

1.1.3 Digital Microfluidics 

Digital microfluidics (DMF) is a technology that involves the manipulation of 

discrete, small-volume droplets.55-58 The ability to perform standard unit operations 

associated with microfluidics dictates the capability to perform chemical and biological 

assays on DMF platforms; that is to transport, mix/merge, split, and detect fluids at the 

microscale in a cost-effective fashion with detection limits comparable or beyond 

traditional methods.59, 60 The main advantage of DMF compared to in-channel systems is 

the reduction of multiple external modules (pumps and valves) required to actuate 

liquids.56 From a fabrication aspect, DMF devices are usually more versatile than in-

channel systems as they are fabricated in the form of a general 2D array (compared to the 

3D nature of in-channel microfluidics), which can be reconfigured for various 

applications without adjusting the overall platform.56, 58 An additional advantage comes 

from the ability to address discrete droplets, which also offers the capacity to perform 

parallel functions on a given platform.  
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Digital microfluidic devices are further categorized by open- or closed 

configurations, and further subdivided by their droplet-manipulation mechanisms. 

Droplet manipulation methods include techniques such as electrowetting-on-dielectric 

(EWOD)60-65, magnetic-induced actuation55, 66, 67, surface acoustic waves68, 

dielectrophoresis69, and gravity-based actuation. Of the aforementioned methods, EWOD 

has been the most extensively applied method as it offers the most functionality and 

flexibility. However, EWOD is also one of the most sophisticated methodologies in terms 

of fabrication and external elements required to make such devices function. Briefly, 

EWOD devices contain a series of electrodes, which are patterned on a substrate using 

photolithography (discussed in Section 1.4.1.), covered with a dielectric layer, and an 

additional hydrophobic layer is applied to facilitate better droplet transport. In a closed 

configuration, droplets are sandwiched by a top-plate (indium tin oxide (ITO)-coated 

glass) that is also covered with a hydrophobic layer, and actuation of droplets is obtained 

by systematically applying a voltage (AC or DC) to individual electrodes on the platform. 

Applying voltage to an electrode where the droplet rests causes a significant reduction in 

the contact angle and results in the droplet overlapping with adjacent electrodes. The 

droplet can “shimmy” to these adjacent electrodes by applying the voltage to the desired 

electrode. 

There have been many examples of EWOD employed as a microfluidic technique 

for several biologically relevant assays,62, 70, 71 and in one example, Oleschuk et al. show 

an automated EWOD device capable of simultaneous Immunoglobulin G and human 

serum albumin protein depletion with 95% efficiency.71 The authors performed a similar 

experiment on a low abundance protein, hemopexin, and analyzed the resulting extract 
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with matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS), 

showing a four times enhancement in signal-to-noise ratio. A schematic of the device and 

the conventional EWOD process is provided in Figure 1.3. Although EWOD is a highly 

functional and precise method for DMF systems, the fabrication and actuation methods 

typically require clean-room facilities and cumbersome equipment. This presents an 

inherent complexity that researchers are trying to avoid. Current development of 

magnetic-induced actuation and gravity-driven devices looks to mitigate the complexities 

of EWOD, wherein devices have limited requirements for external modules and generate 

more feasible point-of-care systems. 

 

Figure 1.3: (A) Schematic diagram of the EWOD device used for protein depletion 

in the automated magnetic separation system. Inset image shows the general EWOD 

mechanism. (B) Schematic representation of protein depletion using magnetic beads 

and precise actuation of droplets.71 



 

11 

 

Magnetic actuation involves the transport of a ferromagnetic fluid or an aqueous 

droplet that contains magnetically susceptible particles using an external magnetic field.66 

In such magnetically driven systems, the only requirements are a low-friction substrate, a 

small magnet, and a droplet (or set of droplets) that will respond to the presence of a 

magnetic field. Commercially available magnetic beads serve as the typical material for 

the preparation of “magnetic droplets”. Although more expensive, these beads offer an 

advantage over other ferrofluids, such as paramagnetic salts, in that they can assist in 

assays and separations through functionalization of the beads themselves. Other, more 

“simple” approaches to DMF involve gravity-based actuation where little-to-no external 

modules are required and the device operates by simply tilting a superhydrophobic-

coated device in the desired direction(s). The simplicity factor of more sophisticated 

gravity-based approaches can raise an argument when precise tilt angles and directions 

may be required. Advances in magnetically- and gravity-based approaches are leading to 

such devices breaching the realm of EWOD functionality. Regardless of methodology, 

most DMF systems fundamentally rely on the interaction of droplets and the surface and, 

as such, it is important to investigate how liquids and surfaces interact under various 

conditions. 

1.2 Surface Wetting 

Surface wetting is a fundamental interaction between a liquid and a solid surface, 

and the tailoring of surface wettability has received a tremendous amount of interest for 

many years.72 The ability to modify the wettability of a surface towards a given liquid (or 

set of fluids) has been an important aspect of many industrial applications including the 

development of lubricants73, paints74, printing techniques75, 76, and oil recovery77 among 
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others. The characterization of static wettability is primarily done by analyzing the 

contact angle (CA) of the liquid on the surface, while dynamic wettability can be probed 

using the sliding angle (SA) or the advancing (θA) and receding (θR) contact angles.78-81 

Surface chemistry and surface morphology are the two important factors that govern the 

CA and SA of a surface and thus its wettability. Considering a droplet of water resting on 

a flat, horizontal surface, the water contact angle (WCA) is the angle between the planes 

tangent to the solid-liquid and liquid-vapor surfaces, where these two planes intersect 

(Figure 1.4). The point of intersection is known as the contact line and is the interface 

where solid, liquid, and vapor coexist.82, 83  

 

Figure 1.4: Schematic representation of liquid droplet resting on a flat, homogenous 

surface, showing the various phases, surface tensions, and contact line. The water 

contact angle (WCA) is the angle between the lines tangent to the solid-liquid and 

liquid vapor interface. 

The measurement of static contact angle (Figure 1.4) is typically performed using 

the sessile drop method wherein a small volume of liquid is placed on the surface and the 

contact angles are computed using an optical image. In general, liquids that spread on the 

surface have a very small contact angle compared to liquids that form beads (or droplets) 
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on the surface, which present higher water contact angles. In more detail, a liquid with a 

contact angle < 90° indicates favorable surface wetting; while a liquid with a contact 

angle > 90° indicates that the liquid will minimize contact with the surface to form a 

discrete droplet. The sliding angle of a given surface is the angle at which a droplet at rest 

will disengage from a tilted surface. Surfaces and materials can also be characterized by 

their contact angle hysteresis (CAH), which corresponds to the difference between θA and 

θR.84, 85 The static advancing and receding contact angles are typically measured by the 

addition and removal of volume from a droplet and investigating the maximum and 

minimum contact angles, which correspond to the advancing and receding contact angles, 

respectively. For dynamic θA and θR, the surface is tilted (analogous to the SA 

characterization) and the contact angles of the trailing edge and leading edge prior to 

droplet disengagement are considered the dynamic receding and advancing angles, 

respectively.  

 

Figure 1.5: Schematic diagram of wettability classifications based on water contact- 

and sliding angles. Superhydrophobic surfaces have the additional caveat of a 

sliding angle less than 10°, while hydrophobic surfaces can, in some cases, be 

inverted without droplet disengagement. Hydrophilic substrates can always be 

inverted without droplet disengagement.   
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Until the mid-1990s, the water repellency of surfaces was mainly classified as 

either hydrophilic (WCA < 90°) or hydrophobic (WCA > 90°). The threshold of 90° for 

CA originates from Young’s equation, which was the first elucidation of surface wetting. 

In 1805, Thomas Young formulated an equation that relates CA to the specific energies 

of the solid-liquid, solid-vapor, and liquid-vapor interface for an ideal surface at 

thermodynamic equilibrium: 

 cos ,SV SL

LV

g gq
g
-

=   (1.1) 

 where θCA is the static contact angle, γLV, γSV, and γLV, are the aforementioned free 

energies.86 

Young’s equation presents assumptions of a flat, smooth, isotropic, and 

homogeneous surface when in reality very few solid surfaces are molecularly flat. This 

model also assumes that the surface and bulk phase of the water droplet are consistent; 

however, this is not the case because the interfacial water molecules behave differently 

from those in the bulk. The highest contact angle for a flat surface has been reported to be 

~120°.87 Wenzel’s model enhances the understanding of wettability using a modification 

of Young’s equation wherein a roughness factor, r, is introduced: 

 
( )cos cos ,SV SL

w
LV

r rg gq q
g
-

= =   (1.2) 

where θW is the Wenzel static contact angle, θY is Young’s contact angle, and r is the 

surface roughness factor.88 The roughness factor (r) is defined as the ratio of the actual 

area of a rough surface to the projected geometric area.88, 89 Such a method takes into 

account the topological features such as protrusions and cavities, which Young’s equation 

neglects. By considering the roughness of the surface, the Wenzel model also assumes 
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that, as liquid spreads on the surface, the contact line will follow the aforementioned 

topological features on the surface. With the contact-line following the surface 

topography, the liquid fills the grooves in the surface and generates very low receding 

contact angles with high CAH. For a surface that deviates from the ideally flat surface, 

the roughness factor must differ from unity (i.e. >1) and in reality, surfaces usually have 

very high roughness factors. Therefore, as Wenzel’s equation illustrates, for instances in 

which θ > 90°, cosθ < 0, and consequently, as the value of r increases, arccos(r*cosθ) 

(i.e. θw) also increases. This increase in θw indicates a higher contact angle than θ and 

thus an increase in hydrophobicity. The same can be said for hydrophilic substrates where 

θ < 90°, as this results in cosθ > 0, and θw < θ; this decreases the contact angle. These 

changes mean that surfaces classified as hydrophilic will become more hydrophilic and 

surfaces that are inherently hydrophobic will be made more hydrophobic as the roughness 

of the surface increases.  

In 1944, Cassie and Baxter applied Wenzel’s model of superwettability to porous 

water-repellent (i.e. hydrophobic) surfaces.89 In this work, they introduce a composite 

wetting state where they examine the effects of the fraction of the solid-liquid interface 

and the liquid-air interface. It is in this state that they postulate that, for a surface with 

enough roughness, it is possible to trap air below the liquid and form the Cassie-Baxter 

state. The trapped air below the liquid creates a “cushion” for the liquid drop, which has 

much lower adhesion than droplets in the Wenzel state. The reduced adhesion of the 

droplet is evident by the increase in static θR (and thus CAH) compared to droplets in the 

Wenzel state. The Cassie-Baxter equation to explain the wettability of porous surfaces 

can be written as follows: 
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 1 1cos (cos 1) 1,CB fq q= + -   (1.3) 

where θCB is the Cassie-Baxter contact angle, θ1 is Young’s contact angle and f1 is the 

contact fraction of solid and liquid.89 Figure 1.6 shows a schematic representation of 

droplets at rest in the Wenzel and Cassie-Baxter states.  

 

Figure 1.6: Schematic representations of Wenzel (top) and Cassie-Baxter (bottom) 

wetting states. Droplets in the Wenzel state have been shown to have very low θR and 

thus high CAH while droplets in the Cassie-Baxter state typically have high θR and 

low CAH. 

In modern day, the three aforementioned theories (Young, Wenzel, and Cassie-

Baxter) are still utilized to characterize surface wettability and droplet-surface 
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interactions. The development of a theoretical understanding of what causes wettability 

differences has led to an increase in the development of synthetic materials with different 

adhesion towards water and other non-aqueous liquids. There have also been reports of 

materials that can transition between the Wenzel and Cassie-Baxter states, depending on 

droplet volume and environmental conditions. While the study of aqueous media has 

pioneered the work on super-repellent surfaces, organic- and oil repellency has also been 

investigated.  Oil droplets and other non-aqueous media are analyzed in an identical 

fashion and are typically classified as oleophilic or (super)oleophobic based on their CAs. 

Extensive research has also been done in developing materials that are 

superamphiphobic, which have CA>150° and SA<10° for oils and water. In more recent 

studies, materials repellent to liquids of the lowest known surface tension (10 mN•m-1) 

has been developed and coined as omniphobic materials.90  

1.3 Superhydrophobic Materials 

Superhydrophobic materials are those with WCAs greater than 150° and a SA less 

than 10° (Figure 1.5). Where did the idea of superhydrophobic coatings arise? Was it an 

accidental discovery, such as Goodyear’s realization of vulcanized rubber, or did nature 

play a role? The answer to this question can largely be attributed to examples discovered 

in nature such as the hydrophobicity of the lotus leaf (nelumbo nucifera), butterfly wings 

(cicada orni) and the legs of water striders (Gerridae). The term “superhydrophobicity” 

has been circulating scientific research for many years but did not become popular until 

recent decades with the discovery of the lotus effect and the increased usage of 

superhydrophobic materials in various fields. Several examples, including some of those 

mentioned above, are depicted in Figure 1.7.  
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Figure 1.7: Natural, biological materials that exhibit superhydrophobicity based on 

their multiscale surface structures. Figure adapted from reference91. 

In 1997, Neinhuis and Barthlott discovered that the self-cleaning properties of 

lotus leaves were a direct effect of the microstructured papillae and epicuticular wax on 

the surface of the leaves.92 Neinhuis and Barthlott also published a review in 1997, where 

they presented nearly 200 plant species with a WCA greater than 150°.93 Some of these 

results are shown below in Figure 1.8, wherein scanning electron micrographs of the 

surfaces and their corresponding water contact angles are presented.93 Later, Feng et al. 

reported that a hierarchy of micro- and nanostructures exist on top of the papillae, which 

provides the leaves with their superhydrophobicity.94 At this point, it became apparent 

that surface chemistry and surface structure play a fundamental role in the wettability of a 

material. The lotus leaf quickly became the most popular example of 

superhydrophobicity in nature and triggered advanced research in the field of surface 

wettability, from fundamental theory to biomimetic approaches in materials science.  
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Figure 1.8: Scanning electron micrographs of water-repellent leaf surfaces and their 

corresponding water contact angles. Scale bars are: (A), (B), (E), (F), (G), (H) = 20 

µm; (C) and (D) = 50 µm. Data and images modified from reference93. 

With inspiration from nature (i.e. biomimetic), there has been a multitude of 

superhydrophobic materials generated using various methods. The first synthetic 

superhydrophobic surface was reported by Onda et al. where the fractal growth of a waxy 

material was used to obtain the appropriate surface roughness and morphology.95, 96 With 

such materials, static WCAs as high as 174° were achieved.  In a 2015 review, Wang et 

al.91 divided over 311 synthetic methods into physical (plasma treatment97-99, laser 

treatment100, 101, phase separation102, 103, templated methods104, 105, spin coating106, 107, spray 
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coating108, 109, electrospinning110, 111, and ion-assisted deposition112, 113), chemical (chemical 

reactions114, 115, sol-gel116, 117, solvothermal118, 119, electrochemical120, 121, layer-by-layer122, 

123, self-assembly124, 125, solution-immersion126, 127, vapor deposition128, 129, etching130, 131) 

and combinatory approaches. This review also extensively outlines the approaches used 

to develop materials based on their final applications, including water harvesting, anti-

corrosion, anti-icing, anti-fogging, oil-water separations, drug release, printing, and 

textiles.91 Readers are directed to this review and the citations therein for more 

information on the various fabrication methods and applications. Two methodologies are 

highlighted here as they are directly relevant to the work presented in this thesis. The first 

methodology is the application of a commercially available fluorinated silica nanoparticle 

coating while the second fabrication, adapted from previous methods developed by 

Levkin et al., utilizes a porous/microstructured polymeric material to develop materials 

with special wettability.   

1.3.1 Nanoparticle-Based Materials 

A method often used for the fabrication of superhydrophobic materials is a 

combinatory approach wherein an adhesive layer is applied to the substrate, followed by 

using functionalized nanoparticles to induce a well-covered change in surface chemistry 

as well as introduce roughness. The change in surface chemistry is typically performed 

using fluorinated silica nanoparticles, while the surface roughness arises from the shapes 

of the particles themselves.132 Furthermore, the size, shape, and functionalization of the 

particles can be controlled to vary the surface properties, including wettability and 

opacity. The rapidness and “scale-up” possibility of functionalizing nanoparticles have 

led to industrial interest and the commercialization of several products. Many of these 
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products, such as Ultra-Ever Dry™, utilize a two-layer approach where fluorinated silica 

nanoparticles (FSNPs) serve as a top layer applied onto a polymer binder that is cast on a 

substrate. Such two-layer approaches generally increase the durability, robustness to the 

environment, and overall longevity of the material. In this case, the adhesive polymer and 

the FSNPs are dissolved in similar, but not identical solvents. It is expected that the top 

layer of the adhesive polymer undergoes mild solvation as the suspension of FSNPs is 

being applied to promote a physical binding of the particles to the surface. 

1.3.2 Porous Polymer-Based Materials 

Monolithus is the Latin origin of “monolith” meaning “made of one stone”. The 

term has since been adopted by the chemistry community and a monolith is broadly 

described as “a single piece of material”. Therefore, when a porous polymer monolith 

(PPM) is referenced, it denotes a continuous network of polymer that stretches the 

geometric dimensions of the entire material. The development of PPMs can be traced 

back to the 1950s133, but it was not until 1990 when their use became widespread for a 

variety of applications. Interest in these materials was sparked by developments in the 

field of liquid chromatography (LC), capillary electrochromatography (CEC) and the 

need for more efficient separation columns.134-136 PPMs offered many advantages in the 

area of chromatography, including enhanced flow permeability, which enabled higher 

flow rates and lower back pressures compared to other approaches.137-142 Such materials 

were also advantageous as they effectively reduced mass transfer resistance and thus 

promoted better separations for large molecules such as proteins within reasonable time 

scales. PPM research remains to be an important aspect of column development for LC 

techniques today. The majority of Chapter 2 explores the development of materials 
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within capillary and fiber templates directed for more typical applications while the 

conclusion of Chapter 2 investigates the “unrolling” of the silica capillary for planar 

materials with applications in DMF. Nonetheless, the chemistry behind the synthesis and 

formation of such materials is directly relevant to both templated approaches.  There have 

been several methods implemented to develop various monolithic materials, including 

polymerized high internal phase emulsions143, 144, cryogels145, living polymerizations146, 

polycondensation147, preparation from soluble polymers148, and most commonly, free-

radical polymerization.  

Free radical polymerization is the most common method implemented to prepare 

porous polymeric materials and involves three major processes. The first process that 

occurs is initiation. Initiation involves the breaking of a bond within an initiating species 

and can be done using heat (thermal-initiated) or UV (photo-initiated). The initiator is 

selected based on whether heat or light will be utilized to start the reaction. When the 

initiator molecule breaks apart, it forms two active radicals that can react with nearby 

vinyl monomers. When the initiator and monomer react, the radical is regenerated at the 

monomer end of the molecule and thus can continually react with nearby monomers, 

dimers, or oligomers to form a much larger polymer chain. This second step is called 

propagation and will continue “building” the polymer until the final stage, termination. 

Termination occurs when the radicals of two growing chains react and the polymer chain 

stops growing. Furthermore, highly rigid materials can be developed with the addition of 

cross-linkers to the system. Cross-linkers efficiently create a molecular bridge between 

growing polymer chains.  
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Applications of porous materials in chromatography relies on extensive contact of 

the analyte with the stationary phase. Interestingly, applications of porous materials for 

the development of superhydrophobic materials relies on exactly the opposite. In both 

cases, the control of material porosity promotes the most useful materials. Key variables 

such as reaction temperature (for thermally initiated polymerizations), solvent 

composition(s), and the relative hydrophobicity of the monomer(s) allow the regulation 

of pore size. The effects of temperature and solvent (porogen) composition are studied 

and explained in Chapter 2 for the development of more tubular polymeric materials. 

Figure 1.9 shows examples of a cylindrical PPM developed in capillaries and planar PPM 

produced using a glass-slide template. 

 

Figure 1.9: Examples of PPMs produced in the Oleschuk research group; (A) A 

capillary-templated fluorous PPM for CEC; (B) Glass-slide templated fluorinated 

planar PPM for DMF applications. Scale bars are (A) 50 µm and (B) 10 µm. 

It was not until 2009 that the utilization of PPMs as a superhydrophobic material 

surfaced.149 In a broad sense, the planar PPM (Figure 1.9 B) can be seen as the result of 

unrolling a glass capillary containing a porous polymer monolith (Figure 1.9 A), ripping 

the material as it proceeds.  Levkin et al. introduced a templated method to produce non-
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fluorinated- and fluorinated superhydrophobic porous films based on UV-initiated free 

radical polymerization of various methacrylates. The polymerization mixtures contain a 

photoinitiator, monomer(s), cross-linker, and a particular porogenic solvent (porogen) or 

combination of porogens that stimulates the formation of desired porosities. The 

theoretical understanding of how porogen composition affects porosity is discussed in 

more detail in Chapter 2. This polymerization mixture can then be injected into a mold of 

functionalized glass slides (separated by a spacer) and photochemically polymerized 

under UV radiation. The utilization of two functionalized plates results in material 

formation on both plates and the inherent porosity of the material results in sufficient 

surface roughness on both glass plates when the template is separated. A photograph of 

the templated process is shown in Figure 1.10. 

 

Figure 1.10: Photographs from reference150 showing the templated approach 

utilized by Levkin et al. to prepare planar superhydrophobic porous polymer 

monoliths. The Teflon spacer controls the thickness of the formed material while the 

porogens within the polymerization solution control the porosity, and thus surface 

structure, of the material. 
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The researchers were able to control the wettability of the material by modifying 

the chemical composition of the monomer and the porosity of the material.149 Since first 

discovering this technique, Levkin and co-workers have reported on the optimization and 

modification of such materials for various applications including more transparent 

materials151, more robust materials152, photo-patterned materials153-162, and others. The 

advanced developments of superhydrophobic, superhydrophilic, superoleophobic, 

superamphiphobic, and superomniophobic materials have led to the fabrication of 

substrates that are patterned with specific regions of differential wettability. 

1.4 Surfaces with Patterned Wettability 

Limitations in surface patterning techniques are mainly governed by the 

progression of micro- and nanofabrication technologies. As these fields advance in 

parallel, the applications of surface patterning are also becoming vaster, including 

chemical and biological sensing, mechanical and optical devices, and microelectronics. 

Among patterned surfaces (and the fabrication techniques behind them) are those that 

present spatial control of material wettability. This section will investigate the current 

physical and chemical methods used to develop surfaces with patterned wettability.  

As with the development of superhydrophobicity, the realization of surfaces with 

patterned wettability was inspired by examples found in nature. One of the most popular 

examples comes from the Namib Desert, home of the stenocara gracilipes (fogstand 

beetle).163, 164   In this geographical region, extreme daytime temperatures and dry 

conditions follow the early morning fog and in such environments, it is difficult for 

inhabitants to find an adequate water supply. The stenocara gracilipes (shown in Figure 

1.11) belongs to the tenebrionid family and has naturally developed a method to sustain 
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life by collecting water from the fog-laden winds using their backs, which contain 

alternating hydrophobic (wax-coated) and hydrophilic regions.  

 

Figure 1.11: (A) photograph of stenocara gracipiles showing condensation build up 

on the back of the insect and (B) magnified photograph of the stenocara gracipiles. 

Both photographs were acquired from ©BBC. 

During the morning winds, the beetle travels to the top of nearby dunes and tilts 

its entire body into the wind and spreads its wings. The condensation in the fog collects 

on the hydrophilic regions where it rests and continues to grow in volume. As it collects 

more water, the volume reaches a critical level, at which point the mass of the droplet 

overcomes the adhesive force of the hydrophilic patch and the droplet of water rolls down 

the back of the beetle and into its mouth. Examples such as the stenocara gracilipes 

beetle have sparked interest and action in the fabrication of patterned superhydrophobic 

surfaces via various techniques.87, 91, 156, 164-176 The remainder of this section will highlight 

some of the recent approaches to developing surfaces with patterned wettability and their 

applications. 

 

 



 

27 

 

1.4.1 Photolithography and Electron-Beam Lithography 

Lithography, in its broad sense, is a technique used to transfer copies of a master 

pattern onto the surface of a material. Photolithography is the most common form of 

lithography and makes use of light to transfer a geometric pattern from a mask to a light-

sensitive photoresist.177-179 The steps of the photolithographic process are displayed in 

Figure 1.12. The first step in photolithography is to develop a mask (or stencil) with the 

desired pattern. Such photomasks are typically composed of a patterned layer of 

chromium on a glass or quartz substrate generated through laser writing or electron-beam 

lithography180. Photoresists can be classified as positive or negative depending on the 

nature of the patterned surface. A positive photoresist (also called a dark field mask) is a 

mask on which the pattern is clear and the background dark. By contrast, a negative 

photoresist (also known as a clear field mask) is one on which the pattern is dark and the 

background is clear.  Once a mask is developed, the remainder of the process is 

straightforward. The desired substrate is coated with a photoresist, which is essentially a 

material that is responsive to radiation. When the photoresist is selectively exposed 

through the aforementioned photomask and immersed in a development solution, the 

photoresist material can become either soluble (positive resist) or insoluble (negative 

resist). Depending on the nature of the photoresist and the solvent in the development 

solution, the pattern on the surface will either be a direct replicate of the mask (positive 

resist) or its counter-geometrical image (negative resist).  
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Figure 1.12: 3D-schematic representation of the standard photolithographic process 

There has been a great deal of research done in the field of maskless optical 

projection lithography due to the expenses and time associated with mask fabrication, 

alignment difficulties, and contamination issues. Furthermore, the entire lithography 

process is best done under clean-room conditions, which renders such a process for 

device prototyping costly and time-consuming. This is discussed later in Chapter 3, 

where an alternative method is presented for a particular application. Photolithography 

remains a staple of the integrated circuit industry and continues to be a routine 

microfabrication technique in research laboratories around the world. In fact, many of the 

chemical methods for generating materials with spatial wettability have at least one 

photolithographic process, typically in making the mask.  

Takai et al. were able to pattern surfaces by exposing a superhydrophobic 

material to UV light through a photomask.181 In this case, the exposed areas (circular and 

rectangular) retained their physical roughness but underwent chemical modifications in 

which –CH3 groups decomposed and –CHO, –COOH, and –OH were formed. The 

maintenance of roughness and morphology in tandem with the chemical modifications 
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resulted in superhydrophilic patches (θstatic = 0°) on an otherwise superhydrophobic 

surface (θst = 155°) that was used for correlating cell adhesion to surface wettability.181 

Mano and coworkers also utilized a similar approach wherein they employed a rough 

polystyrene superhydrophobic surface and UV/Ozone radiation to generate a 

superhydrophilic-superhydrophobic patterned surface.175 In another fascinating example, 

Chang et al.182 show that, by making a surface with patterned wettability, they enable 

self-transport and self-alignment of microchips and receptors using microscopic rain. The 

fabrication is primarily based on photolithography and etching of superhydrophobic black 

silicon and hydrophilic silicon receptors.182 There has also been a multitude of laser-based 

approaches to generate surfaces with patterned wettability.172  

1.4.2 Photografting Superhydrophobic Porous Polymer Monolithic Materials 

Photolithographic masks have also been used in tandem with the previously 

mentioned superhydrophobic porous polymer monoliths (PPMs) for the development of 

surfaces with patterned wettability.153, 154, 158, 159, 161, 183-190 The fabrication methods and 

theoretical understanding of PPMs are discussed in more detail in Chapter 2. The ability 

to photograft functional substituents at the surface of such materials offers the 

opportunity for patterning through photomasks. Levkin et al. have pioneered the 

photografting of PPM for surface wettability patterning. In early work, they showed the 

ability to photograft a superhydrophobic poly(BuMA-EDMA) monolith with a 

hydrophilic moiety, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), to generate 

microfluidic channels.190 The authors also confirmed that the photografting was 3-

dimensional, taking place throughout the entire thickness of the material, albeit with 

decreased efficiency as the thickness increased. Several other approaches have been done 
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such as those by Geyer et al.161, Ueda et al.156, and Efremov et al185, 186 utilizing 

hydrophilic poly(hydroxyethyl methacrylate-ethyleneglycol dimethacrylate) and 

modifying with pentafluoropropyl methacrylate through photografting to generate 

superhydrophobic micropatterns with high fidelity. A summary of some of this work is 

presented in Figure 1.13. 

 

Figure 1.13: (A) Optical micrograph of the photomask (scale bar is 2 mm). (B) 

Water droplets on the superhydrophobic microporous poly(butyl methacrylate-co-

ethylene dimethacrylate) (left) and on the same surface after photografting with 2-

acrylamido-2-methylpropane sulfonic acid (right). (C) Cross-sections of 50 µm thick 

and 200 µm-wide superhydrophilic microchannels (photografted with AMPS) 

colored with a red dye (scale bar is 100 µm). (D) Superhydrophilic pattern filled 

with dye solution. Adapted from reference.190 
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Later, Levkin et al. also developed a method to rapidly replicate many patterned 

hydrophilic-superhydrophobic surfaces from a single substrate.154 To do this, Auad et al. 

applied adhesive tape to the surface of their initially patterned surface and peeled the tape 

back. This effectively transferred the pattern to the tape and could be repeated up to 12 

times before significant loss in the fidelity of the pattern (Figure 1.14).154 

 

Figure 1.14: (A) Schematic representation of the transfer of a 

hydrophilic−hydrophobic pattern in a polymer film onto adhesive tape. A thin, 

porous hydrophobic polymer film is photografted through a photomask to create a 

hydrophilic pattern and the adhesive tape is firmly adhered to the surface of the 

polymer film and then pulled off in one motion. A thin layer of the 

hydrophilic−hydrophobic patterned polymer film is transferred onto the adhesive 

tape. (B) Photographs of twelve consecutive copies of a channel pattern that was 

replicated onto adhesive tape and then stained with a Rhodamine 6G aqueous 

solution. The diameter of the circle is 2 mm. Obtained from reference.154 

1.4.3 Laser-Assisted Techniques 
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There have been several laser-assisted techniques applied to the fabrication of 

surfaces with spatially controlled wettability. In a recent review, Chen et al. compiled a 

comprehensive study of laser microfabrication on bioinspired wettability wherein 

techniques such as direct laser writing, laser interference lithography, pulsed laser 

deposition, and laser-textured templating are covered.172 In many cases, the 

superhydrophobicity of the material itself originates from laser processing and the 

patterning is done “on-the-fly” by controlling the pitch of the structures, laser fluence, 

etc. In one example, Zhang et al. show that surface wettability of a laser-fabricated 

microstructured silicon surface can be tailored by adjusting various structural parameters 

during the fabrication.191 The aforementioned silicon surface consisted of periods of 

embossed triangular patterns arranged in square lattices and was fabricated using a 

femtosecond laser. WCAs as large as 140° and as small as 61° are reported and are 

dependent on the triangle’s vertex angle as well as the channel spacing. Zhang et al. also 

show that complete inversion of the substrate can be performed without the droplet 

disengaging and speculate that this high adhesion is caused by a combined Cassie-

Wenzel effect.191 In additional work, Zhang et al. furthered the understanding of droplet 

adhesion on such surfaces by investigating triangular, circular and rhombic patterns and 

how the contact fraction of each affects the sliding angle of aqueous droplets.192 The 

implementation of different structures and optimization led to contact angles greater than 

165°. Scanning electron micrographs of the structures developed in these studies are 

shown in Figure 1.15.  
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Figure 1.15: SEM images of (A) rhombic, (B) triangular, and (C) circular patterns 

fabricated by a femtosecond laser on the silicon surface. (D) Large magnification 

SEM image of the structures irradiated by a femtosecond laser. Figure acquired 

from reference.192 

Yong et al. utilized techniques developed by Zhang et al. to modify the surface 

wettability of polydimethylsiloxane (PDMS).193 The authors utilize a line-by-line 

scanning approach to induce dual-scaled roughness over an entire PDMS substrate and 

achieved WCAs as high as 162°. In separate reports, the authors milled square arrays193 

and periodic microgrooves194 into the PDMS to spatially control wettability. SEM images 

of their patterned surfaces are shown in Figure 1.16 (vide infra). In both cases, the laser-

irradiated area becomes superhydrophobic (WCA > 155°) and the other, unaltered PDMS 

areas, remain hydrophobic (WCA = 110°). In each report the authors also investigated the 

effects of altering the dimensions of their milled structures (length of the side of the 

squares in their periodic array and periodicity between microgrooves) and showed that 

with square lengths (L) less than 140 μm the WCA was greater than 150° and the SA was 
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less than 10°. Furthermore, with 140 μm < L < 180 μm the WCA remained above 150° 

and the SA less than 90°. Any L value above 180 μm resulted in full adhesion and the 

substrate could be inverted without droplet disengagement. In the periodic microgrooves, 

the authors show that superhydrophobicity is achieved at low periodicity (WCAs > 155°; 

SA < 10°) and the hydrophobic character was observed at larger periodicity. In both 

reports, Yong et al. fail to show a substrate with hydrophilic character.  

 

Figure 1.16: Scanning electron micrographs of (A) square array patterns, (B) 

magnified image of the laser-milled area, and milled linear microgrooves with 

periodicities of (C) 40 µm, (D) 30 µm, (E) 20 µm, and (F) 10 µm. Insets are 

corresponding magnified SEM images. Adapted from references193, 194. 
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Other examples utilizing laser microfabrication, such as that presented in Chapter 

3, involve post-processing the material to develop patterned wettability. In this case, the 

material is prepared offline and laser microfabrication technologies are employed to 

expose an underlying hydrophilic substrate. McLauchlin et al. followed this approach to 

generate hydrophilic patches within a nanowire-based superhydrophobic material using 

either a YAG or CO2 laser. In this work, the authors demonstrate the ability to laser-

ablate hydrophilic spots ranging from 250 μm – 2.5 mm in diameter.195 The wetting, 

pinning strength, and evaporative properties of aqueous media on these patches were 

probed. The authors further show an application for such patterned surfaces by allowing 

droplets containing myoglobin to evaporate and concentrate on the yttrium aluminum 

garnet (YAG)-induced hydrophilic spots on which they perform MALDI-MS. The 

MALDI-MS results utilizing such patches were compared to a standard target plate and a 

five times enhancement of sensitivity was observed.195 The nature of the 

superhydrophobic material makes the fabrication process cumbersome and time-

consuming. Furthermore, the hydrophilic patches lack fidelity and thus a more accurate 

method is required.  

Stojanovic et al. applied a superhydrophobic nanofilament coating in tandem with 

laser micromachining to generate hydrophilic structures.196 The authors briefly investigate 

the fabrication of rectangles, squares, circles, and ellipses for their impact on static WCA 

and adhesion. The patterned superhydrophobic materials were produced through the 

fluorination of a nanofilament coating followed by patterning with location-specific 

ablation. The authors present an unusual configuration/application by generating a circle 

(d=300 μm) inside a much larger ring (d=1 mm) wherein a small aqueous droplet is 
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placed on the inner circle and a hexadecane droplet is dispensed on top. The outer ring 

confines the oil droplet and results in the trapping of the aqueous droplet within, thus 

preventing any evaporation. It is suggested that a possible application for this work lies 

within the long-term retention of aqueous analytes using microvessels. However, the 

overall study lacks a complete and comprehensive understanding of both aqueous- and oil 

droplet wettability and adhesion for patches milled under various conditions.   

 Lee et al. also presented an interesting approach to fabricate spatial wettability 

using laser micromachining.197 In this approach, a superhydrophobic material is made by 

applying a self-assembled monolayer to a microstructured aluminum surface and ablated 

using a computer numerical control (CNC) industrial laser system. Prior to laser ablation, 

the static WCA of the material was 164.4°. A maximum laser power of 200W was 

employed and they show that the WCA significantly decreased for laser powers between 

20 and 70W where the WCA plateaued until the maximum power investigated (100W). 

Figure 1.17 outlines their approach and the SEM images of the microstructured surfaces 

of various laser-ablated materials.197 
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Figure 1.17: Schematic diagram (left) shows the general process for the fabrication 

of a patterned surface. Right panels show the scanning electron micrographs of (a) 

and (b) 30%, (c) and (d) 40%, and (e) and (f) 50% of the maximum (200 W). The 

rate at which the laser was moved was 2000 mm/min. Figure adapted from 

reference197. 
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Part 2 – Microstructured Fibers and Mass Spectrometry 

1.5 Electrospray Ionization Mass Spectrometry 

1.5.1 Brief History 

Having already been awarded the Nobel Prize in 1906 for his work in 

“discovering” the electron, Thomson developed the first mass spectrometer in 1913 and 

separated 20Ne and 22Ne based on their mass-to-charge ratios (m/z).198 This was the 

beginning of an instrument that would revolutionize the field of analytical chemistry and 

the entire scientific world. In fact, as an analytical technique, mass spectrometry (MS) 

has allowed scientists to record everything from the temperature of the earth’s core over 

time, to the blood temperatures of dinosaurs.199 In a typical mass spectrometric 

measurement, the sample is ionized to form gas-phase ions via a multitude of possible 

ionization mechanisms (electron, chemical, electrospray, matrix-assisted laser desorption, 

etc.). These gaseous ions are accelerated and made susceptible to an electric or magnetic 

field where they separate according to their m/z and are finally detected by their 

abundance relative to the total number of ions detected.  

 The vast history of mass spectrometry is one of developing the various aspects of 

the process from ionization sources, to detection, to data analysis and beyond. A 

significant amount of this research and development was put forth toward the 

development of new ionization techniques as well as the enhancement of those pre-

existing. Until the late 1960s, the field of MS was limited to mainly analyzing relatively 

small molecules.200 Prior to this time, the primary ionization techniques were electron 

impact and chemical ionization, for which larger biomolecules were tough to ionize due 
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to the extensive fragmentation of the molecule.198, 200, 201 The ability to analyze and 

understand the structural information of large biomolecules engendered a high demand 

for new, softer ionization techniques, and so came the birth of electrospray ionization. 

Dole et al. discovered electrospray ionization in 1968 when they demonstrated that 

charged droplets from non-volatile species could generate gaseous ions of those species 

through a charged capillary.202 Despite this vast breakthrough, they were very narrowly 

focussed on the detection of polystyrenes. These molecules are not ionized in solution 

and consequently, his results were not convincing. 

Less than 20 years after Dole et al. reported the development of electrospray 

ionization, Yamashita and Fenn formally introduced electrospray ionization mass 

spectrometry (ESI-MS).203 In this work, Yamashita and Fenn made major variations to 

Dole’s experimental designs. Their new and improved design had enhanced desolvation 

utilizing a gas flow opposite to the flow of the charged droplets and utilizing such design 

they were able to detect proteins with high molecular weights such as conalbumin (76 

000 Da). Fenn’s breakthrough lead to the awarding of the Nobel Prize in 2002 and is one 

that continues to impact the way in which researchers analyze molecules via MS. It is 

important to note that the Nobel Prize in 2002 was also shared with Tanaka for his 

contributions to the development of an additional “soft” ionization technique, MALDI-

MS. In his Nobel lecture, Fenn states that “A few years ago making proteins or polymers 

“fly” by electrospray ionization seemed as improbable as a flying elephant, but today it is 

a standard part of mass spectrometers”.204 Pertinent to this thesis is the understanding of 

the soft ionization technique, electrospray ionization, and how it impacts the mass 

spectrometric analysis of ions. The remainder of this section will investigate the 
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mechanism of ESI-MS as well as discuss emitter technologies implemented that have 

been developed to increase the efficiency and sensitivity of ESI-MS. 

1.5.2 Electrospray Ionization 

Electrospray is a well-known method by which the application of voltage causes 

ions that are present in a solution (flowing through a capillary) to be transferred to the gas 

phase.205 Electrospray has found many applications in thin-film deposition206, micro- and 

nanoparticle fabrication207, microcombustion208, and most importantly as an ionization 

method for mass spectrometry. There is three fundamental steps in the generation of gas-

phase ions from ions in solution: (1) the production of charged droplets at the ES emitter 

tip; (2) droplet shrinkage leading to very small and highly charged droplets, and (3) the 

generation of gas-phase ions from the small highly charged droplets.  Figure 1.18 shows a 

schematic of the ESI process.   

 

Figure 1.18: Schematic of the major processes occurring in electrospray ionization. 

The presence of the electric field leads to the formation of an electric double layer 

within the liquid. The concentration of positive charge at the liquid surface 

destabilizes meniscus resulting in the formation of the Taylor cone. A jet of fine 

droplets is emitted from the tip of the Taylor cone with an excess of positive charge. 

These droplets shrink with evaporation and eventually form gas-phase ions. 
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To understand the process in more detail, the emitter will be considered as a standard 

metal capillary with radius, rc. The tip of the capillary is typically very thin and this leads 

to a very high electric field, Ec, in the air at the tip of the capillary. The strength of the 

electric field at the capillary tip is proportional to the applied voltage and can be 

evaluated as follows209, 210: 
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Where: Vc is the applied potential and d is the distance from the capillary tip to the MS 

inlet (counter electrode). When Vc is applied, Ec will penetrate the liquid at the tip of the 

capillary and the ions in solution will travel under the influence of this field. When the 

capillary is the positive electrode (so-called “positive ion mode”) the positive ions in 

solution will migrate towards the meniscus of the liquid and the negative ions will drift 

away from the surface. The build up of positive charge at the interface causes mutual 

electrostatic repulsion that overcomes the surface tension of the liquid. This prompts the 

movement of the positive ions downfield and the liquid forms a conical shape; this is 

called the Taylor cone (discovered by Sir Geoffery Ingram Taylor in 1964).211, 212 If the 

applied field is high enough, the Taylor cone destabilizes and a fine jet of liquid emerges 

from the cone tip. The jet of liquid becomes unstable after a short length and breaks into 

small positively charged droplets.  

 The droplets generated in cone-jet mode gradually shrink as the solvent 

evaporates. During the evaporation of the solvent, the droplet maintains charge due to the 

highly endothermic nature of emitting an ion from solution. The maintenance of droplet 

charge and a decrease in droplet size have been well studied and confirmed. As the 
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droplets shrink and the charge density grows, they undergo coulombic explosions to form 

a plethora of smaller charged droplets. This process repeats itself until the droplets 

become sufficiently small and ionization can occur. Rayleigh estimated the amount of 

electric charge a droplet could withstand before breaking into smaller droplets when the 

following was satisfied205, 213: 

 ( )
1

3 2
08Ryq Rp e g=   (1.5) 

Where: q is the charge of the droplet, ε0 is the permittivity of the surrounding medium, γ 

is the surface tension and R is the droplet radius.  

 The generation of gas-phase ions from the small charged droplets has been 

explained by two mechanisms. The first mechanism was proposed by Dole and depends 

on the formation of droplets so small that they contain a single ion.202 The evaporation of 

the solvent from such a droplet would result in a single gas-phase ion. This method was 

called the charge residual model (CRM) and although Dole and coworkers were not 

successful with their mass spectrometric determinations, the proposed model survived. 

Rollagen later studied the CRM in more detail where a more comprehensive mechanism 

of the model and support for the model was presented.214 Iribarne and Thomson proposed 

an additional mechanism for the production of gas-phase ions from charged droplets that 

contradicted Dole’s ideas.215 Their mechanism, the ion-evaporation model (IEM), states 

that solute ions should eject from the droplet prior to the formation of droplets that 

contain a single molecule.215 In other words, the droplet would never undergo enough 

fission and shrinkage to facilitate Dole’s theory of the CRM. More recently, Konerman et 

al. described a new, mechanism for unfolded proteins.201 The model is similar to the IEM 

and is called the chain ejection model (CEM). The exact mechanism of gas-phase ion 



 

43 

 

formation remains to be one of debate and it is possible that a single model is not enough 

for describing the gas-phase ion formation. In fact, the developer of ESI-MS, John Fenn, 

is quoted in a 2007 paper stating that “there is still much debate on the mechanism(s) by 

which gaseous ions are formed”.216 While researchers continue to investigate and develop 

new theories behind the process of ESI, other efforts have gone into the development and 

enhancement of low-flow ESI-MS such as nanoelectrospray mass spectrometry.  

1.5.3 Nano-Electrospray Ionization Mass Spectrometry 

Samples are precious. Many days, weeks or even years can be spent developing a 

sample for analysis, and in some cases, these samples are less than a microliter in 

volume. The ability to analyze such samples with high sensitivity has considerably 

evolved with the onset of nano-ESI-MS, where samples are analyzed at sub μL/min flow 

rates. Furthermore, nano-flow rates alter the mechanism of electrospray at the tip of the 

emitter. Lower flow rates result in lower Taylor cone volume and the emission of much 

smaller droplets with increased surface charge per analyte.205, 206, 217 This effectively 

enhances the sensitivity of ESI-MS. Nano-ESI has also afforded the ability to spray 

solvents of higher surface tension such as water, which offers a broader range of analytes 

that can be studied.217, 218 With the inherent advantages, it has become a focal point of 

research to push the limits of nano-ESI towards more efficient and sensitive MS 

instrumentation. A significant amount of this research has been concerning the tip of ES 

emitters and how they affect the formation of the Taylor cone and the ESI process.  
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1.5.4 Nano-ESI Emitter Fabrication 

Typical emitters for nano-ESI need to be narrow-bore, resistant to clogging, 

conductive and require a tip structure or composition that promotes a stable Taylor cone. 

Typically, emitters are fabricated by heating and pulling fused-silica tubing followed by 

the addition of a metal coating to form a conductive emitter. Wilm and Mann were the 

first to introduce the design wherein a gold-coated emitter with a tip diameter of 1-2 μm 

was developed and utilized at flow rates down to 20 nL/min.219, 220 The fabrication of the 

emitter involved pulling 1.2 mm O.D. capillary to a fine filament in a two-stage pulling 

process using specialized instrumentation. This, however, left the capillary with a 

minuscule tip-bore (less than 1 μm), which presented complications for spraying. To 

mitigate this, the emitter was gently pressed against the interface plate, which resulted in 

the opening of the tip to a bore diameter of 1-2 μm. While the initial pulling stages were 

facile and highly reproducible, the opening of the tip was not. To better control the tip 

diameter, new approaches such as wet-chemical etching were introduced and emitters 

fabricated in this way are widely utilized today.221 Tapered tips such as those mentioned 

offer a conductive emitter with a sharp tip; however, they fail to satisfy the resistance to 

clogging necessity. In fact, many emitters fabricated with a tapered tip have a lifetime of 

fewer than 10 hours.222, 223 As such, there is a need for new methods that promote nano-

ESI with reduced propensity to clogging.  

The drive to generate emitters with a tapered tip but not a tapered bore gave rise 

to a new method wherein a controlled etching process was developed. In this approach, 

Smith et al. pumped water through the bore of a silica capillary that is submerged in 

hydrofluoric acid. Figure 1.19 shows a schematic illustration of the process.224 Due to 
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surface tension, the etchant travels up the emitter and begins etching inward towards the 

bore. The water flow at the capillary facet prevents the etchant from wicking into the 

channel and etching outward, and therefore the integrity of the capillary bore is 

maintained. As the etching continues, the capillary wall at the etchant meniscus becomes 

infinitely thinner until the submerged region of the capillary is released. The resulting 

structure is a tapered O.D. and non-tapered I.D. that forms stable Taylor cones in the 

nanoflow regime. 

 

Figure 1.19: Schematic diagram of the etching process developed by Smith et al. for 

the fabrication of constant bore, tapered tip nano-ESI-MS emitters. With water flow 

through the bore of the capillary, (A) the surface tension causes the etchant to 

“wick” up the exterior of the capillary.(B) The etching rate decreases moving away 

from the etchant solution and (C) finishes when complete etching of the glass walls 

has occurred. Figure acquired from reference224. 

An additional method for generating stable Taylor cone formation arises from the 

chemical modification of the tip of the emitter. Most of such methods involve the 

derivatization of the surface with a hydrophobic polymer or trimethylsilyl monolayer 
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leading to stable Taylor cone formation.225, 226 In addition to the desired tip geometry 

and/or chemical composition, the emitter must also be conductive. For many cases, such 

as the aforementioned silica capillary emitter, the material itself is not inherently 

conductive and alternative approaches must be utilized. This is typically mitigated using a 

liquid union or T-junction upstream of the emitter, which assists in the incorporation of 

an electrode. A metal electrode is placed in the middle of the junction to apply a voltage 

to the system while the emitter is coated with a conductive material. The simplest method 

to make such emitters conductive is to coat them with a thin layer of a conductive metal 

such as gold; in fact, this is the method that Wilm and Mann used in their original 

development of nano-ESI emitters.206, 220, 221, 227-229 However, electrochemical stress and 

electrical discharges can cause deterioration of the coating and thus limit the lifetime of 

the emitter. Other methodologies for enhancing the conductivity of emitters have 

included the utilization of graphite powder within a polyimide coating230 or conductive 

organic polymers.231  

1.5.5 Multi-Emitters for Nano-ESI-MS 

Early research and advancements in multi-electrospray mass spectrometry (MES-

MS) came at a time when the field of microfluidics was taking off. As a result, many 

initial efforts to produce MES systems were based on the utilization of microchips.206 

Before going into details about the fabrication techniques and the advancements of MES 

emitters, it is important to answer the question of “why go multiple?” With ESI-MS an 

already well established and sensitive method, the consideration to use multiple sprays 

was initially to perform sequential measurements in a rapid fashion and avoid cross-

contamination.206 A microfluidic device is a viable option to carry out such measurements 
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as well-defined channels can be fabricated and the chip can be easily coupled with 

standard LC or CE separation systems. Many of these devices included several channels 

that could be addressed independently, which are typically aligned to the mass 

spectrometer inlet using a translation stage. There have been several examples of chip-

based methods that have been developed for multiplexing and sequentially performing 

ESI-MS232-238; however, the remainder of this section will investigate the fabrication of 

MES-emitters that spray simultaneously.  

 While early efforts for multispray looked to mitigate clogging, facilitate more 

rapid measurements, and reduce contamination, more recent efforts have been developed 

with the goal of increasing the sensitivity of ESI-MS using the simultaneous spray from 

multiple emitters. In 1994, La Mora and Loscertales conducted an in-depth study on the 

relationship between spray current and flow rate for a single Taylor cone (and thus single 

ES emitter).211 With the onset of MES, Tang et al. adapted the work of Mora and 

Loscertales and applied it to multiple Taylor cones.239 In their study, a relationship was 

developed between spray current and the number of spraying nozzles by the following239: 

 total sI nI=   (1.6) 

where Itotal is the total ion current, n is the number of electrosprays, and Is is the spray 

current of an individual emitter. In the same report, Tang et al. show the fabrication and 

performance of a 9-channel emitter with nine simultaneously active electrosprays. From 

this 9-emitter chip, they were able to obtain a 2-3 times enhancement in sensitivity, which 

was proportionate with their theoretical studies.239 However, the design of the MES array 

required extremely high voltage (~7 kV) to obtain stable electrosprays and the MS inlet 

needed to be modified to account for the spatial distribution of the sprays for efficient ion 
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collection. Kim et al. developed another chip-based MES emitter, called the 

microfabricated monolithic multinozzle (M3) emitter via fabrication methods adopted 

from MEMS.240 A linear array of five showed a minimal enhancement in sensitivity, 

likely because the MS source/ion optics were not modified for the array. Koerner et al. 

developed a more interesting approach to MES emitter fabrication using a porous 

polymeric material at the tip of a capillary emitter.241 The nature of this material 

essentially gave way to the formation of individual Taylor cones emitting from the pores 

to generate a “mist” of ions at flow rates < 100 nL/min.  

 Kelly et al. would further develop the multi-emitter platform with the fabrication 

of a MES emitter that was comprised of a linear array of 19 fused silica capillaries.242 The 

emitter was specifically designed to have a low dead volume for coupling with capillary 

LC. The capillaries (150 μm O.D., 19 μm I.D.) were held together by an aluminum 

holder to maintain an interspatial distance of 500 μm. Kelly et al. utilized the controlled 

etching method they had previously developed for single spray emitters in order to 

fabricate a tapered tip at each capillary.224 The linear array presented a similar problem 

that Kim et al. faced in that the single MS inlet significantly limited ion transmission 

efficiency. To mitigate this, Kelly et al. modified the MS inlet to have 19 stainless steel 

capillaries with a bore diameter (400 μm) much larger than the emitter tip. Their 

experimental design is shown in Figure 1.20.  
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Figure 1.20: Photograph of a linear array of 19 chemically etched capillaries and the 

corresponding MS inlet. 

Utilizing this system, their MES emitter increased the spray current commensurate with 

the theoretical prediction. While proving that enhanced ion current translates to increased 

sensitivity, they show that the gain in sensitivity (9-fold) is actually greater than the 

increase in ion current.243  In a review, Gibson et al. speculate that the increase in 

sensitivity is not only due to the formation of smaller droplets using this emitter but could 

also be attributed to the proximity at which the emitter is placed to the MS inlet as a way 

of reducing the number of ions lost.206 

 Linear arrays present a specific challenge due to the heterogeneity of the electric 

field among the capillary emitters.244-246 In such cases, the emitters at the interior of the 

manifold experience much lower electric fields in comparison to those at the periphery 

due to shielding effects. These shielding effects make it difficult to optimize the 

conditions for spraying in the nano-ES regime and substantially limits the emitter 

densities that may be possible. The elimination of shielding in such systems is likely not 

possible; however, the arrangement of nozzles can be altered such that each nozzle is 

impacted by a similar electric field (i.e. equally shielding). Kelly et al. modified the 

arrangement of their 19-capillary emitter by placing them in a radial pattern to promote 

the uniformity in the electric field strength experienced by the individual nozzles.247 
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However, the signal enhancement for the newly designed radial pattern was meek in 

comparison to the linear array. In general, the design of such MES emitters is 

significantly debilitating due to the O.D. of the capillaries and thus there exists a drive 

towards the development of more densely packed, robust MES emitters. Microstructured 

fibers offer a promising material to achieve such properties, and in tandem with their 

light guiding properties, offer the possibility of utilizing infrared radiation to further 

promote desolvation at the emitter/MS interface.  

1.6 Optical and Microstructured Fibers 

1.6.1 Brief History and Fundamental Aspects 

The discovery and development of optical fibers with pronounced transmission 

capabilities have directly contributed to the growth of global communications. The 

realization of optical communication dates back to the 18th century when Claude 

Chappe, a French engineer, invented the optical telegraph.248 The system he devised 

involved large semaphore flags mounted on towers, which could be altered to spell out 

different words and generate various signals. Less than 20 years later, the development of 

the first functional electrical telegraph would surface and force the optical telegraph to 

become obsolete.248 However, the use of optics for communication would be revitalized 

by the realization of total internal reflection (TIR) within a stream of water. Total internal 

reflection is the phenomenon that occurs when a wave strikes a medium boundary at an 

angle larger than the critical angle (θc). TIR is governed by the refractive index of each 

media at the boundary, as explained by Snell’s Law199:  

 1 2sin sini rn nq q=   (1.7) 
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where θi and θr are the angles of incident- and reflected/refracted light, respectively. This 

can be rearranged and solved to find the critical angle, 
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In 1841, Daniel Colladon demonstrated this during one of his lectures by coupling 

sunlight into a bucket of water with a small hole in it. He utilized a more sophisticated 

system in later demonstrations, which is shown in Figure 1.21A. With water flowing 

through the small hole in a parabolic manner, light rays emitted from the hole did not 

travel in a straight line, but rather, were trapped within the liquid by TIR. Colladon would 

later write that this was “one of the most beautiful and most curious experiments that one 

can perform in a course on optics”.249 This demonstration has been adopted by physicists 

and chemists and made more visually appealing with the use of vibrantly colored light 

beams (Figure 1.21 B). Concurrent to Colladon’s experiments, a French scientist, Jacques 

Babinet, was investigating similar effects of light illuminating curved glass rods. 

 

Figure 1.21: The initial demonstration of TIR in a stream of water utilized sunlight 

in a dark room and has evolved over time from the (A) arc lamp design of “La 

Fontaine Colladon” (Colladon’s Fountain) in 1884249 to (B) the utilization of lasers 

to generate colorful and more visually appealing demonstrations.250 
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The difference between a glass rod and a glass fiber lies in their respective 

diameters and early experiments revealed that such fibers (made from heating and pulling 

glass rods), unless bent or curved, could transmit light without loss. It was not until the 

1950s when researchers connected Colladon’s TIR theory with glass fibers leading to the 

clad fiber. The clad fiber has a low refractive index cladding that surrounds the glass core 

to promote TIR (Figure 1.22). Such a fiber presented a tremendous breakthrough for 

optical communication as one could bend, flex, and bundle the fiber with minimal loss in 

transmission. Typical core-cladding fibers are those classified as “step index” wherein the 

light guiding properties are governed by a uniform high refractive index core and 

consistent low refractive index cladding material. As per Snell’s law, rays of light within 

the core of the fiber are ultimately reflected when striking (above θc) the core-cladding 

interface. The early 1970s saw advancements towards a new type of fiber that utilized an 

air-cladding fabricated around a pure silica core; however, these efforts were abandoned 

with the onset of modified chemical vapor deposition (MCVD) in fiber fabrication. Put 

simply, MCVD is a method for spatially altering the composition of the glass fiber and 

provides a much more simple and cost-effective method for low-loss silica preform 

development (discussed in more detail later in this section as well as in Chapter 5). With 

step index fibers and MCVD pushed to their limits of that era, there still existed an 

ambition for fibers that could harness more power, possess better optical properties 

(nonlinearities, birefringence, etc.), and/or act as platforms for sensing.251 This drive for a 

new type of fiber led to the development of photonic crystal fibers (PCFs) and 

microstructured fibers (MSFs) in the mid-1990s.252, 253 
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Figure 1.22: Total internal reflection at the boundary between (A) glass rods and air 

where light can leak when it touches other materials and (B) core and cladding 

along a clad optical fiber. Figure adapted from reference249. 

1.6.2 Microstructured Fibers 

Microstructured fibers (MSFs), commonly referred to as “holey” fibers, represent 

a class of optical fibers that features an array of air channels (as part of the cladding) that 

extends through the length of the fiber.253 MSFs, in a similar fashion to standard optical 

fibers (via MCVD), utilize a difference in refractive index between the core and the 

cladding to promote light guidance via total internal reflection. In the case of MSFs, the 

array of air channels creates an overall reduction of the average refractive index of the 
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cladding, which promotes the guidance within the higher refractive index core. In other 

words, doped core/cladding is to step-index fibers as the array of air channels is to MSFs. 

The relative difference in refractive index of MSFs (silica-air) compared to step index 

fibers (doped silica) offers an inherent advantage due to less leakage at higher power.254, 

255 Furthermore, the ability to manipulate the number of air channels, their shape, size, 

spacing, and arrangement offers unprecedented control over the optical properties, which 

is not possible with step index fibers. Hollow-core fibers have also been developed 

wherein the guiding mechanisms are based on photonic band gaps (PBG) as opposed to 

traditional TIR principles. Figure 1.23 shows examples of various MSFs with interesting 

and complex geometries, including solid, suspended, and hollow core models. 

 

Figure 1.23: Schematic (top) and scanning electron micrographs (bottom) of the 

core and surrounding cladding of exemplary solid, suspended, hollow-core and 

kagomé fibers. Figure altered from reference251. 
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1.6.3 Fabrication 

The “stack-and-draw” method is the typical method employed for the fabrication 

of microstructured fibers and can be broken down into two major steps: preform 

fabrication, and fiber drawing.252-254, 256 The initial step in MSF fabrication is to create a 

preform from a pre-determined design, which is essentially a macroscopic version of the 

eventual fiber. For many standard MSFs, the building of a preform is primarily done by 

arranging high purity fused silica capillaries and rods in the desired arrangement. In this 

case, the silica capillaries eventually become channels while the rods form the filler glass 

between adjacent channels in the eventual fiber. For example, in the first reported fiber 

by Knight et al., glass capillaries were stacked in a hexagonal pattern to build the preform 

which resulted in a fiber with an identical hexagonal pattern on a much smaller scale.252 

More complex and intricate fibers, such as polarization maintaining fibers or the MSFs 

presented in Chapters 4 and 5, require spatial control over the chemical composition of 

the fiber and require building, drawing, and stacking multiple preforms into a larger 

preform that is then drawn into a fiber.  

After the preform is assembled, it is drawn into a fiber in two steps using a fiber 

drawing tower. The two-step process involves drawing the initial preform into a fiber 

cane followed by drawing the cane into the final fiber. This two-stage process increases 

the fidelity of channels and other structures in the final product and results in more 

controllable reduction. Many of the parameters for fiber drawing (speed, temperatures, 

etc.) can be modified to optimize the properties of the final fiber such as overall diameter, 

channel diameter, etc. Some of these properties can be monitored continually with 

sensors mounted along the fibre drawing tower. The resulting fiber is then coated with a 
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protective polymer jacket (thickness controlled) and spooled at the end of the fiber 

drawing tower. The schematic shown in Figure 1.24 illustrates the overall fabrication 

process. 

 

Figure 1.24: Schematic representations of the preform to fiber manufacturing 

procedure adapted from reference255. 

1.6.4 Modified Chemical Vapor Deposition 

 Modified chemical vapor deposition (MCVD; Figure 1.25), broadly described as a 

method of chemically modifying glass tubes, is a standard technique utilized for the 

fabrication of optical fiber preforms. The method was first reported by MacChesney et al. 

and fundamentally relies on the high-temperature oxidation of reagents inside a rotating 

tube.257, 258 In this process, chemical dopants are introduced into a rotating glass tube 

(mounted on a lathe) using carrier gasses such as oxygen, argon, or helium. An 

oxyhydrogen torch that transverses its length, heats the tube in the same direction as the 
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gaseous dopant flows. The temperature of the translating flame is high enough to 

facilitate dopant oxidation but lower than the melting temperature of the formed glass 

particles. In this way, the formed glass particles are deposited downstream from the flame 

due to thermophoretic forces acting on the particles. These particles sinter as the flame 

travels down the tube to form a dense, uniform layer. These processes are repeated to 

build the glass, layer-by-layer, from the periphery of the preform inward with the desired 

material and concentration. The concentration of the material can be controlled by 

manipulating the flow rate of the gaseous dopant; however, there are limitations based on 

the fiber drawing process.259 Utilizing this method, the core and cladding of an optical 

fiber can be made of materials with very different refractive indices and thus promote 

TIR within the core of the fiber.257, 258 Furthermore, this method can be utilized for the 

fabrication of preforms for microstructured fibers. 

 

Figure 1.25: Schematic representation of an MCVD apparatus. Acquired from 

reference258. 
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1.6.5 Dopants in Optical Fibers 

The primary use of dopants in standard optical fibers is to implement the step(s) or 

gradient(s) in refractive index from the core to the cladding of step- and gradient index 

optical fibers, respectively. To achieve this, the MCVD process begins with dopants that 

lower the refractive index of SiO2 such as fluorine (F-SiO2)259-262 or boron (B2O3-SiO2)259 

and the process continues with either a standard SiO2 core or using a dopant such as 

germanium (GeO2-SiO2)259-261 or phosphorus (P2O5-SiO2)259, 263, which increases the 

refractive index. It is important to note that the MCVD process works from the outside 

inward. The four aforementioned dopants are the most common; however, other dopants 

such as rare earth- and other elements have been used for a variety of applications.264-271 

Most research on the addition of dopants to optical fibers has investigated how such 

dopants affect the physical and optical properties of the fiber. The formation of various 

dopant-oxides are shown below: 

 4 2 2 22SiCl O SiO Cl+ ® +  

 4 2 2 22GeCl O GeO Cl+ ® +  

 3 2 2 3 24 3 2 6BCl O B O Cl+ ® +  

 3 2 2 5 24 3 2 6POCl O PO Cl+ ® +   

With the advancement in the field of photonic crystal- and microstructured fibers, 

the utilization for doping has become even more useful towards the fabrication of 

polarization maintaining fibers. This is discussed in more detail in Chapters 4 and 5.272-277 

Another interesting effect of introducing dopants into the glass are the active etching 

rates of materials with different chemical compositions.  
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1.6.6 Etching of Pure- and Doped-Glass 

Silicate glasses are one of the most commonly used materials in everyday life. 

Their optical transparency, malleability, chemical- and environmental resistivity are 

unprecedented. They are only readily dissolved by hydrofluoric acid (HF) or other 

aqueous solutions that contain HF. This is another reason why optical fibers and 

microstructured fibers are often developed from silicate glass and not other materials. 

The ability to spatially control chemical composition via MCVD in tandem with 

controlled etching reveals applications beyond that considered standard and significantly 

increases the versatility of optical and microstructured fibers.  Silicate glass (SiO2) is 

composed of an interconnected network of SiO4 units. In order break down this network 

(i.e. etch), all four siloxane bonds must be broken.  The dissolution of SiO2 glass can, 

therefore, be described by the following reaction: 

 2 2 6 26 2SiO HF H SiF H O+ ® +   

 Hydrofluoric acid is a very dangerous and powerful chemical due to its ability to 

precipitate calcium ions when in contact with living tissues causing significant damage 

and fatality in some cases. Despite its characterization as an extremely dangerous and 

powerful chemical, hydrofluoric acid, from a chemical standpoint, is a weak acid. A 

solution of hydrofluoric acid contains intact HF molecules as well as H+, F-, and HF2
- 

ions; their relative concentrations are related by the following equations: 
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Solutions of NaF and NH4F do not attack SiO2; and therefore, it is agreed that the 

attacking of HF on glass is primarily related to the presence of HF and HF2
- and that the 

fluoride ion is not directly involved in the process. Mechanistically, the study of SiO2 

dissolution has been debated in various scientific publications; there remains a lack of 

full understanding of the exact mechanism. 

As previously mentioned, the rate of SiO2 dissociation is determined by [HF] and 

[HF2
-] and the etching rate can, therefore, be tailored by adjusting the formation and 

presence of each species independently by adding strong acids or fluoride. More 

important for this thesis is the effect of glass composition on the etching rate in 

hydrofluoric acid. Most, if not all, studies of such effects are performed on doped SiO2 

films; however, the results are expected to be similar to the fiber-based etching presented 

in this thesis. In a general sense, the addition of a dopant disrupts the three-dimensional 

siloxane network, some of which modify the network and some of which form a new 

network in the process. Network modifying oxides (Na2O, K2O, CaO and BaO) are those 

which are incorporated into the silicate structure by breaking the existing siloxane bond 

and forming non-bridging oxygen atoms.278 In this case, cations from the modifier are 

ionically bound to the silicate network and become mobile. In HF, the mobile 

monovalent (Na+) and bivalent (Ca2+) ions are leached from the glass. The ions are 

replaced by hydronium ions through ion exchange, which results in the formation of 

hydrated silica. The hydrated silica, with previously broken siloxane bonds, dissolves 

more readily and thus a much faster etching rate is exhibited.279, 280  
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Figure 1.26: Effect of [B2O3] on the dissolution rate of glass etched in aqueous 

hydrofluoric acid (A, B, and C) and buffered hydrofluoric acid (D, E). A, B, and C 

differ in their densification conditions which are not applicable to this study. Figure 

obtained from reference278.  

Network forming oxides such as B2O3 and P2O5 are widely applied as dopants for 

the integrated circuit industry.278 Such oxides can create a separate network, which is 

heavily mixed within the silicate network or may be incorporated into the silica network 

itself. Through the incorporation of network forming oxides, AxOy results in the 

formation of Si-O-A and A-O-A bonds. Such bonds have different reactivity towards HF 

and thus will present differences in the dissociation of the bond, and the material etching 

rate. Figure 1.26 shows the results of a study performed using a buffered HF solution and 
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how different network forming oxides affect the etching rate of the material. B2O3 shows 

a fascinating trend wherein the etching rate significantly decreases at low B2O3 

concentrations and increases, at higher B2O3 concentrations. This phenomenon has been 

attributed to the increase in =B-O-B= abundance at high B2O3 concentrations, which are 

readily attacked by water. However, the relationship of [etchant] to the etching rate of 

B2O3 glass is found to depend on the type of etchant directly. For example, etchants such 

as HF and HF-containing strong acid, show a general increase in etching rate with an 

increase in etchant concentration. This relationship is discussed in more detail in Chapter 

5. 
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Part 3 – Scope 

The primary objective of this thesis is to develop, implement, and evaluate new 

platforms as a means of improving analytical techniques. An emphasis is placed on the 

fabrication and processing of materials with patterned chemical compositions towards 

new, miniaturized devices that enhance sensitivity, reduce cost, and increase the 

efficiencies of present analytical methods. 

Chapter 2 of this thesis investigates the utilization of commercially available 

microstructured fibers for the synthesis of functional polymeric materials with 

controllable chemical composition and morphology. The majority of the work presented 

in this Chapter is published in Polymer.  The ability to control the surface chemistry and 

morphology of such polymeric structures has also been adapted to an “on-chip” system to 

generate superhydrophobic materials, which is also briefly presented in Chapter 2.  

Chapter 3 of this thesis investigates a commercial superhydrophobic material and 

a newly developed patterning technique for precise deposition of sub-µL volumes. 

Furthermore, the implementation of these materials into a 3D-printed system is explored 

for the development of point-of-care devices capable of rapidly sensing environmentally 

relevant materials. A significant portion of this Chapter has been published in Applied 

Materials and Interfaces.  

Chapters 4 and 5 investigate the fabrication of custom microstructured fibers and 

their processing via wet-chemical etching with a focus on etching kinetics and 

applications in optics and mass spectrometry. Portions of the work in these chapters have 

been published in Scientific Reports and Optics Express.  
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Chapter 2 

Controlling the Morphology of (Concentric) Microtubes Formed by in 

situ Free Radical Polymerization and their Potential Application in the 

Development of Sensing Platforms11 

2.1 Introduction 

Thin-walled, micron-sized tubes composed of many different materials find use in a 

variety of applications such as structural components of small systems, microfluidic 

conduits1, sensors2, separation science3, 4 and more recently tubular microbots5. The tube 

can be composed of a variety of materials6 including activated carbon,7 aluminum oxide 

modified with deactivation agents,8 zeolites,9 cyclodextrins,10 porous silicas11 and 

polymers.12 Material performance can be further improved through morphological tuning 

to enhance surface area, permeability, or mass transfer. 

Polymeric micron-sized tubes have been prepared using methods such as macro 

reduction through heating and drawing, lithography, and electrospinning among others.  

In a recent review, Long et al. outline the advantages and disadvantages of many of these 

polymerization techniques for the preparation of conductive nanofibers and nanotubes.13 

The aforementioned polymerization methods show a limitation in that tubes with 

diameters in the 1-10 micrometer range are difficult to produce with precise outer 

dimension and high aspect ratios. Templated methods are an attractive alternative 

                                                        
1 This chapter has been published in Polymer 2015, 58, 113-120 with exception to the work on AgNP- 
functionalization and the development of planar superhydrophobic porous polymer monoliths 
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fabrication methodology, where the material is deposited within the template followed by 

template removal to yield the formed material.  

Materials chemists have extensively investigated membrane-based approaches for 

templated synthesis. Membranes benefit from the ability to carefully control the 

membrane pore size and thus the outer diameter of the tube but perhaps their most 

significant attribute stems from their compatibility with batch fabrication due to the high 

density of holes in the template. Following polymerization, the membrane template can 

be removed by etching to liberate the polymeric structures. Several methods have been 

developed to produce nanotubes in the pores of template membranes, such as sol-gel 

chemistry, electrochemical deposition, chemical vapor deposition, layer-by-layer 

assembly, wetting approaches, as well as polymerization processes. In particular, 

poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate)14 and poly(N-isopropyl 

acrylamide)-co-(N, N’-methylene bisacrylamide)15 templated tube formation has been 

achieved using aluminum oxide membranes. However, a limitation of the metal 

membrane template approach is the restricted aspect ratio of the polymer structure due to 

finite template thickness. In applications that require a higher aspect ratio a more suitable 

fabrication method is needed. Alternatively, silica capillaries (prepared by heating and 

drawing) offer the advantage of having a virtually unlimited “template thickness” that can 

be removed by wet chemical etching.  Polymer tubes have been prepared within silica 

capillaries for the preparation of chromatographic columns. The silica capillary is coated 

with polymer through mechanical and/or chemical deposition. For example, Svec and 

Fréchet12 rotated a fused silica capillary and photo-polymerized a mixture of butyl 

methacrylate (BuMA), ethylene dimethacrylate (EDMA) and 2, 2-dimethoxy-2-
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phenylacetophenone in 1-octanol to coat the inner wall of a fused silica capillary.  An 

even polymer coating of the capillary template was not obtained in the absence of 

rotation. Tan et al.16 and Chen et al.17 used a modified casting approach involving the 

injection of the reagent solution, followed by cooling and solvent evaporation, to prepare 

a porous-layered open-tubular (PLOT) capillary. He et al. have utilized a photo-initiated 

approach to produce polymer monoliths and tubes in fused silica capillaries with a cross-

sectional diameter as small as 5 µm.18 Nischang et al. further explored the preparation of 

polymer monoliths in both capillaries and microfluidic chips.19 A recent review 

highlights the methods used to prepare chromatographic and electrophoretic stationary 

phases.3 The process of fabricating fused silica capillaries is typically limited to 

developing single-channelled templates. Recently, microstructured fibers20 (MSFs) have 

been used as a multiplexed silica template that enables up to hundreds of micron- and 

submicron-diameter tubes to be prepared in a single template with ultrahigh aspect 

ratio.21  

This chapter presents a method for the formation and morphological tuning of poly-

(benzyl methacrylate-co-1,4-butanediol dimethacrylate) (poly-(BMA-co-BDMA)) and 

poly-(styrene-co-divinylbenzene) (poly-(ST-co-DVB)) tubes in fused silica capillaries 

and microstructured fibers based on a partitioning mechanism. The effect of 

polymerization temperature, porogenic solvent polarity and template dimensions on 

polymer morphology (tubularity) is explored. Furthermore, the ability to conduct up to 

three sequential polymerizations producing concentrically layered polymer tubes with 

different material permutations using poly-(ST-co-DVB) and poly-(BMA-co-BDMA) is 

demonstrated. The silica template in situ polymerization approach enables polymer tubes 
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with different material/morphological composition and ultrahigh aspect ratio to be 

prepared.  

2.2 Experimental 

2.2.1 Reagents and Materials 

3-((trimethoxysilyl)propyl) methacrylate (γ-MAPS), 2,2’-azobisisobutyronitrile 

(AIBN), 1,1’-azobis(cyclohexanecarbonitrile) (ABCN), 1,4-butanediol dimethacrylate 

(BDMA), 2,2-dimethoxy-2-phenylacetophenone (DMPAP), benzyl methacrylate (BMA), 

butyl methacrylate (BuMA), chlorotrimethylsilane (CTMS), divinylbenzene (DVB), 

ethylene glycol dimethacrylate (EDMA), glycidyl methacrylate (GMA), hydrofluoric 

acid (HF), and styrene (ST) were purchased from Sigma-Aldrich. Acetonitrile (ACN), 

glacial acetic acid, deionized water (Protocol), methanol, and toluene were obtained from 

Fisher Scientific, and anhydrous ethanol was acquired from Commercial Alcohols. 

Ammonium fluoride was obtained from Sigma-Aldrich and used at saturation in aqueous 

solution at 22 °C. All materials involved in polymerizations are shown in Figure 2.1.  
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Figure 2.1. Structural diagrams for the compounds utilized to generate 

microstructured polymers within capillary, microstructured fiber, and glass slide 

templates. 

2.2.2 Template Activation and Functionalization 

Fused silica capillary (Polymicro Technologies) or microstructured fiber (NKT 

Photonics) templates were cut into 50 cm lengths with a precision fiber cleaver (Vytran 

LDC-400) or a ceramic cleaving stone (Polymicro- or Agilent Technologies). Surface 

functionalization mixtures consisting of 50 vol% deionized water, 30 vol% glacial acetic 

acid and 20 vol% γ-MAPS, or 80 vol% dry toluene and 20 vol% CTMS were prepared in 



 

88 

 

1.5 mL microcentrifuge tubes (Fisher Scientific) and thoroughly mixed (VortexGenie-2, 

Scientific Industries). Syringes (3 mL Monoject) with needles (BD Precision 21G x 1’) 

were filled with the functionalization mixture and attached to the capillaries via a PEEK 

Luer lock fitting (Upchurch Scientific/IDEX) and the capillary was filled with the 

mixture via syringe pump (PicoPlus and Pico11, Harvard Apparatus, Holliston, MA, 

USA). The syringe pump was set to 10 µL·min-1 for one hour and then left to flow for 

approximately 12-16 hours (overnight) at 0.2 µL·min-1. The surface functionalization 

mixture was then flushed from the capillary using 95% ACN in water until the acidic 

mixture had been thoroughly flushed from the template (as determined with pH indicator 

paper).  

Once functionalized, templates could be cleaved into multiple pieces and were used 

within a three-week period. There is an additional step required when performing a 

photochemical polymerization within a capillary template. Standard capillaries have a 

protective polyimide jacket surrounding the fused silica that has a low UV transmission. 

For that reason, the jacket must be removed using a thermal wire stripper (Stripall TWC-

1). 

2.2.3 Polymerization 

Polymerization mixture compositions were adapted from previous reports21-24 and 

prepared in 1.5 mL microcentrifuge tubes. Polymer compositions and their abbreviations 

are shown in Table 2.1.  
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Table 2.1. Abbreviations for the various polymers synthesized in this chapter. All 

solutions contained initiators at 1 wt% of the monomer/crosslinker composition. 

The first letter of every sample abbreviation indicates thermal (T) or photochemical 

(P) polymerization while the second letter corresponds to the morphology of the 

polymer itself (i.e. tube, low/high-density monolith). 

Abbreviation Monomer/Cross Linker 
Composition 

Solvent/Polymerization 
Conditions 

TT-ST/DVB 16.5 wt% ST 
16.6 wt% DVB 

66.9 wt% EtOH 
80 °C 

TM-ST/DVB 16.5 wt% ST 
16.6 wt% DVB 

66.9 wt% EtOH 
100 °C 

TT-BMA/BDMA 18.1 wt% BMA 
17.7 wt% BDMA 

64.2 wt% MeOH 
80 °C 

TM-BMA/BDMA 16.5 wt% BMA 
16.6 wt% BDMA 

66.9 wt% MeOH 
100 °C 

TT-GMA/EDMA 16 wt% GMA 
34 wt% EDMA 

60 wt% Decanol 
80 °C 

PMLD-
GMA/EDMA 

16 wt% GMA 
34 wt% EDMA 

30 wt% Decanol/30 wt% 
Cyclohexanol 

365 nm 

PMHD-
GMA/EDMA 

16 wt% GMA 
34 wt% EDMA 

60 wt% Cyclohexanol 
365 nm 
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All pre-polymer compositions consisted of 1 wt% initiators AIBN (thermal) or 

DMPAP (photochemical). All pre-polymer solutions were sealed with Parafilm, 

thoroughly mixed until homogeneous using a vortex, and ultrasonicated for 

approximately 5 minutes (Aquasonic Ultrasonic Cleaner, Model 75T, ETL Testing 

Laboratories Inc., Cortland, NY) to remove dissolved gasses. The polymerization 

mixtures were then flowed through the templates for approximately one hour at 5-10 

µL·min-1. The templates were then sealed with gas chromatography septa (Supelco, 

Thermogreen, 9.5 mm, Bellefonte, PA, USA) at each end and were ready for 

polymerization. For thermal polymerizations, the template containing the pre-polymer 

solution was heated overnight (70-100 °C) (Isotemp Vacuum Oven, Model 281A, Fisher 

Scientific) for approximately 16 hours. To facilitate photochemical polymerizations, 

templates containing the pre-polymer solution were placed directly under an ultraviolet 

lamp (Spectroline EN-180). In all cases, the capillary and MSF templates were ~2.5 cm 

from the UV source. A schematic of the UV polymerization is shown in Figure 2.2. 

Following polymerization (thermal or photochemical), the septa were removed, template 

ends trimmed and if a porous morphology was synthesized the template was flushed with 

95% ACN in water using an HPLC pump (Series 1500, Supercritical Fluid Technologies 

Inc.) to remove any unreacted species. The hyper-crosslinked nature of the formed 

polymer precluded the use of gel permeation chromatography for molecular weight 

determination. 
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Figure 2.2. Schematic diagram for the photochemical polymerization of materials 

within capillary and microstructured fiber templates. 

2.2.4 Amine Functionalization 

To functionalize poly-(GMA-co-EDMA) within a MSF, the fiber was flushed with an 

aqueous solution of ethylenediamine (10% v/v) at a flow rate of 10 µL·min-1 for 30 

minutes (adapted from a method described by Lin et al.25 The fiber was sealed on both 

ends with rubber septa and heated to 80°C for 4 hours. Following the reaction, the fiber 

was flushed with deionized water to remove any unreacted material. 

2.2.5 Silver Nanoparticle (AgNP) Synthesis 

A procedure developed by Stamplecoskie et al.26 was followed to synthesize silver 

nanoparticles of various sizes. Briefly, 200 µL of aqueous AgNO3 (10 mM) and 200 µL 

of aqueous sodium citrate (13 mM) was added to an Erlenmeyer flask containing 10 mL 

deionized water and stirred. After 5 minutes of stirring, 200 µL of cooled sodium 
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borohydride solution (50 mM) was rapidly added to the flask, creating a characteristic 

yellow solution. 

2.2.6 Polymer Functionalization with AgNPs 

The amine-functionalized poly-(GMA-co-EDMA) PPM fiber was precision cleaved 

on both ends and flushed with a solution of AgNPs for 4 hours or until the fibers adopted 

a yellow color. The fibers were then flushed with deionized water to remove any particles 

that had not been bound to the surface. 

2.2.7 Morphological Imaging 

Silica capillary templates were visualized at 40x-100x magnification on an optical 

microscope (Nikon Eclipse ME600) and photomicrographs were taken with a Nikon 

Coolpix 990 camera. Where desired, capillary ends were etched in saturated ammonium 

fluoride at 22 °C for 3 minutes or hydrofluoric acid for 10-20 seconds to expose the 

polymer layer and enable facile characterization of polymer layer thickness. The samples 

were then coated with a 100 nm-thick layer of gold (Hummer Sputtering System, 

Anatech, Denver, NA, USA) and scanning electron micrographs were taken with a Jeol 

JSM-840 (Tokyo, Japan) or an FEI Quanta 650 FEG ESEM to characterize the resulting 

polymer materials. 

2.2.8 Safety Information 

Exposure to hydrofluoric acid (liquid and/or vapor) can be extremely harmful. HF 

solutions should be handled in a ventilated hood and appropriate protective equipment 

should be worn. 
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2.3 Results and Discussion 

2.3.1 Role of Solvophobic Interactions/Partitioning in Polymer Tube Formation 

During templated synthesis, the formation of a polymer tube initially involves the 

deposition (coating) of polymeric material directly on the walls of the template. 

Deposition can be accomplished mechanically by rotating a cylindrical template while 

flowing a polymer solution, however, this method is inconvenient and has limited 

scalability.19 A one-step in situ polymerization has a number of advantages to form 

polymeric materials in capillary templates to produce microstructures.18, 27 The 

dimensions of the pores or capillaries dictate the outer diameter and homogeneity 

whereas the thickness and reproducibility of the polymer layer deposited on the template 

wall dictates the inner diameter and uniformity of the resulting tubes. Several factors 

have been found to influence polymer morphology during polymer deposition including 

template functionalization, reaction temperature and polymerization mixture composition 

(e.g. monomer, porogenic solvent). Previous work has suggested that the tubular 

morphology results from a kinetic effect, where monomers in solution react more readily 

with functional groups (e.g. vinyl) at the template wall, relative to other monomers in 

solution. The faster consumption of monomers close to the wall results in decreased 

concentration of monomers in that region, causing remaining monomer to diffuse towards 

the wall.28 Contradictory evidence has been presented by both He et al.18, and Gibson et 

al.29 in their investigations of the effect of capillary inner diameter and template 

functionalization on polymer morphology and polymer sheath formation, respectively. 

Within capillaries functionalized with trimethoxy(octyl)silane (TMOS), He et al. found 

that poly-(BuMA-co-EDMA) and poly-(2-HEMA-co-EDMA) formed porous polymer 
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monolithic materials in 20 and 50 µm I.D. capillaries, however polymer tubes were 

formed in smaller capillaries with 5 and 10 µm inner diameters, given the same reaction 

mixture proportions. Gibson et al. found that changing the hydrophobicity of the template 

by using different functionalization agents produced different polymer morphology 

immediately next to the template wall24 and the effect was more pronounced in smaller 

diameter capillaries. Both studies suggest that the relative effect of “confinement” 

increases as the capillary inner diameter is reduced and the surface area-to-volume ratio 

correspondingly increases.  

A polymer tube can be conceptualized as one large solvent pore encased by a 

large polymer globule. To promote tube formation one can use a poor solvent, with 

respect to the forming polymer, as a way to encourage polymer formation on the walls of 

the template rather than in the center of the template capillary. The walls can be made 

more “receptive” to the forming polymer by functionalization with a hydrophobic (but 

not necessarily reactive) moiety. Furthermore, the polymerization temperature can be 

high enough to facilitate polymerization but low enough to limit the solubility of the 

forming polymer in the porogenic solvent solution.30 A schematic diagram showing the 

process for in situ polymer tube synthesis used in this work is shown in Figure 2.3 

followed by the reaction schemes for each step in the process.  
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Figure 2.3. Schematic diagram of overall polymerization process within a cylindrical 

capillary/fiber template. 
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Scheme 2.1. (A) Activation of glass surface using sodium hydroxide and 

hydrochloric acid to ensure protonation of surface followed by (B) functionalization 

of glass surface using either chlorotrimethylsilane or trimethoxysilylpropyl 

methacrylate 
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Scheme 2.2. (A) Thermal and (B) UV-induced radical initiation of AIBN and 

DMPAP, respectively. (C) shows an example of how an initiating molecule (in this 

case, DMPAP) can react with gamma-MAPS to reform a radical species where 

monomers and growing polymer chains can react. 
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Scheme 2.3. The reaction of monomer and cross-linker with the reactive group 

anchored to the glass wall. In this case, the polymerization becomes a random 

process where crosslinker and monomer are free to react in tandem and thus 

electron arrows are omitted. 
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To probe the selective deposition of the polymer at the template wall experiments 

were conducted where the silica template was functionalized with either the 

reactive/hydrophobic vinyl group g-MAPS or the unreactive hydrophobic group CTMS. 

Scanning electron microscope images of cross-sections of the resulting tubes formed 

under identical polymerization conditions are shown in Figure 2.4. The silica template in 

each case was etched in hydrofluoric acid at 22 °C for 10-20 seconds following 

polymerization to facilitate polymer tube characterization (thickness and diameter). In the 

absence of etching, the interface between the silica template and polymer tube is difficult 

to discern. In Figure 2.4 A the reactive/hydrophobic g-MAPS-functionalized template 

produces a polymeric tube (tube thickness = 758 nm ± 33 nm) consistent with both 

kinetic or solvophobic polymerization mechanisms. However, in Figure 2.4 B the CTMS-

functionalized silica (water contact angle measurement (Table 2.2) of CTMS-derivatized 

silica = 127.3 ± 2.1°) template does not present a vinyl group nor directly participate in 

the polymerization reaction.  

Table 2.2. Water contact angles on bare and derivatized fused-silica surfaces. Error 

represents the standard deviation of three trials. 

Functionalization Agent Water Contact Angle 

Bare Silica 49.7 ± 2.3˚ 

γ-MAPS 88.7 ± 3.1˚ 

CTMS 127.3 ± 2.1˚ 
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Under these conditions, it is more energetically favorable for the hydrophobic 

polymer to form/partition with the CTMS groups at the capillary wall than to remain in 

the more polar porogenic solvent. The poly-(BMA-co-BDMA) tube (average tube 

thickness = 808 nm ± 70 nm)  shown in Figure 2.4 B, therefore, could not have formed as 

a result of faster monomer consumption due to reaction with wall-immobilized vinyl 

groups, suggesting a solvophobic/partitioning phenomenon is primarily responsible for 

the tubular morphology.18 Similar results are obtained for poly-(ST-co-DVB) tubes 

formed in g-MAPS- and CTMS-modified silica capillaries (data not shown). 

 

Figure 2.4. Direct comparison of poly-(BMA-co-BDMA) polymer tubes synthesized 

in (a) γ-MAPS functionalized and (b) CTMS functionalized 10 µm I.D. fused silica 

capillary. Image insets show an image of the entire polymer tube. Capillaries were 

etched in HF for 10-20 seconds to facilitate high-quality imaging and facile tube 

thickness measurement. Scale Bars on main images are 1 µm; Insets: 5 µm 
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2.3.2 Influences of Solvent and Temperature on “Tubularity” 

During thermally initiated in situ polymerization, solvent and temperature are 

expected to affect the degree of tubular morphology by affecting both the partitioning of 

the monomer and forming polymer. In a prior study, porous poly-(ST-co-DVB) and poly-

(glycidyl methacrylate-co-EDMA) monoliths were prepared in several solvents and at 

different temperatures within a stainless steel template.  It was found that a poorer solvent 

for the forming polymer increased the observed pore size while higher temperatures 

decreased the pore size, which was attributed to phase separation and nucleation rate 

respectively. In this vein, we examined the formation of poly-(BMA-co-BDMA) using 

AIBN within fused silica templates functionalized with γ-MAPS under different 

conditions of solvent and temperature. The g-MAPS-functionalized capillaries represent a 

valid system to study the influence of temperature and solvent polarity on polymer 

morphology and Figure 2.5 shows a composite image representing poly-(BMA-co-

BDMA) morphologies obtained across different temperature and solvent conditions. 

The volume-weighted solvent polarity (VWSP; Equation 2.1) was calculated as 

the average dielectric constant (ε) of the pure solvents in the mixture weighted by that 

component’s volume fraction, as a proxy for the polarity of the solvent mixtures. A 

greater VWSP represents a more polar, and thus poorer solvent for polymers composed 

of hydrophobic monomers.  The optimal volume weighted solvent polarity corresponds to 

the relative hydrophobicity of the monomer system. In this case, poly-(BMA-co-BDMA) 

and poly-(ST-co-DVB) utilized a volume-weighted solvent polarity of 33.1 and 24.3 

respectively for tube formation. 
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The morphology of poly-(BMA-co-BDMA) varied according to both temperature 

and solvent conditions. At a lower temperature (80 °C) and higher volume-weighted 

solvent polarity (bottom, right of composite Figure 2.5), the resulting poly-(BMA-co-

BDMA) takes on a more tubular morphology. In a more polar solvent, it is entropically 

less favorable for the polymer to remain in solution and partitioning toward the template 

wall is favored. Lower temperatures further contribute to partitioning by both reducing 

the solubility of the polymer in the solvent and by decreasing the rate of polymerization. 

Fewer free radicals are produced at lower temperatures providing additional time for the 

polymer to partition to the template walls.  

Examining the relative polymer tube thickness with scanning electron microscopy 

assessed the variability in polymer tube morphology. Each micrograph was marked with 

eight equally-spaced reference points along the circumference of the tube in the 

micrograph. The orientation of the tube in each image was randomized during sample 

preparation, which provided an unbiased sampling. The layer of gold applied by the 

sputter coater to facilitate SEM analysis increased the observed tube thickness but was 

minimal as the gold layer was only 96.4 ± 3.2 nm thick and consistent throughout all 

experiments. 
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Figure 2.5. Morphology control of poly-(BMA-co-BDMA) according to the reaction 

temperature and volume-weighted solvent polarity. Polymerization is performed 

within 10 µm I.D. fused silica capillaries functionalized with γ-MAPS.  Scale bar is 5 

µm and applies to all capillaries in the composite image. 
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Figure 2.6. Relative standard deviation of tube thickness (“tubularity”) as a function 

of the volume weighted solvent polarity of the porogenic solvent. Tubes with more 

uniform walls show less relative standard deviation in thickness, while tubes with a 

more porous polymer monolithic character will show greater relative standard 

deviation in thickness. Three different polymerization temperatures examined were: 

(●) 100 °C, (▲) 90 °C and (■) 80 °C. The RSD represents n=9 measurements and 

the error bars represent the standard deviation of n=9 measurements on n=3 

materials synthesized under identical conditions. 

Tube thickness was measured at each reference point using the SEM imaging 

software or with an on-screen caliper directly upon the SEM image. Polymer globules 

that appeared within the cross-sectional plane of the tube were included in the thickness 

measurement, while globules and other features that lay outside the cross-sectional plane 

were excluded. At each polymerization temperature, the relative standard deviation 
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(RSD) of tube thickness was plotted against the VWSP of tubes formed with different 

solvent conditions as shown in Figure 2.6. The RSD of the thickness measurements is a 

gauge of the “tubularity” of the polymer tube. No data point is shown for 100 °C and 

VWSP = 24.3 because the material is completely monolithic and the RSD of the tube 

thickness would not be meaningful. At any given temperature in Figure 2.6, the RSD of 

the thickness showed a sharp decrease from a VWSP of 24.300 to 28.071, after which the 

RSD of thickness appears to remain constant. A more tubular morphology tends to occur 

in more polar solvents when a hydrophobic monomer is used. When polymerization is 

initiated, microporous polymer develops at nucleation sites to the point of phase 

separation. Further polymerization continues within the micropores, leaving microporous 

globules separated by macropores.31 Figure 2.6 shows that the RSD at higher 

temperatures was greater than that observed at lower temperatures, suggesting that at 

increased temperatures the resulting poly-(BMA-co-BDMA) takes on a more monolithic 

and less tubular character.  An increase in temperature is accompanied by an increase in 

the rate at which the initiator ABCN forms radicals,32 which leads to an increase in the 

rate at which polymer nuclei form.18 This results in the formation of many smaller 

globules, which yields a more monolithic morphology.18 The dissolution of the polymer 

is endothermic, however, so decreasing the temperature should promote earlier phase 

separation and hence larger macropores and more tubular morphology, which 

underscores the importance of optimizing temperature and solubility conditions 

simultaneously.18 A similar trend is seen in the synthesis of porous polymer monoliths, in 

which a poorer solvent induces an earlier onset of phase separation resulting in a 

monolith with larger pores.18  
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The dimensions of the template are also found to impact the polymer tubularity. 

Figure 2.7 shows cross-sectional samples of polymerizations conducted under identical 

conditions but with different template size (i.e. 5, 10, 30, and 50 µm). Two trends are 

apparent where tubularity increases as the template diameter is decreased and the tube 

wall thickness decreases relative to template diameter. In templates with 5 and 10 µm 

diameter (Figure 2.7 A and 2.7 B respectively) relatively few polymer globules are 

visible in the cross-sectional image. However, as the diameter is increased to 30 µm the 

tube layer thickness decreases and there is a commensurate increase in the number of 

globules.  Finally, within a capillary diameter of 50 µm, the polymer takes on a 

distinctive monolithic morphology with extensive globule formation. Globules are no 

longer found only on the inner surface of the tube but connected forming a three-

dimensional extended globule network similar to the monolithic morphology shown in 

Figure 2.5 (top left). Relative standard deviations in tube thickness are no longer 

meaningful for tubes formed within capillaries ≥30 µm using these conditions. The 

template size-based morphology changes presumably result from larger surface-to-

volume ratios in the smaller capillary templates. When the template dimensions are 

reduced, the nucleation rate for globule formation becomes small relative to the time 

required for the reactive monomers to diffuse to the template surface, resulting in tube 

formation.  He et al. have determined the time needed for a monomer to diffuse from the 

center of the capillary to the wall as 12 milliseconds for a 5 µm capillary and 312 

milliseconds for a 25 µm capillary.18  As the reaction vessel (capillary) diameter is 

reduced, the wall plays a more significant role in the solvophobic partitioning formation 

of the polymer tube.  
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Figure 2.7. poly-(ST-co-DVB) morphologies resulting from polymerizations within 

fused silica templates of diameters (A) 5 µm (B) 10 µm (C) 30 µm and (D) 50 µm. 

Images (E) and (F) show a magnified view of 10 µm and 30 µm tubes respectively, 

wherein the average tube wall thickness is presented. Scale bars for images (A) and 

(B) are 5 µm and for (C) and (D) are 30 µm. 
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While a more tubular morphology tended to occur in more polar solvents, lower 

temperatures, and in smaller-diameter templates, solubility and initiator requirements 

limit the extent to which these parameters may be manipulated (the BMA, BDMA, AIBN 

and ethanol/water mixture is not homogeneous beyond a VWSP of 41.1). Nonetheless, 

the available range of temperature and solvent conditions are sufficient to allow a 

reasonable degree of morphological tuning.  

2.3.3 Control of Tube Thickness 

The tube wall thickness impacts the robustness, compressibility and inner diameter of 

a polymer tube and its manipulation is necessary for material customization. The tube 

wall thickness can be controlled by varying the polymerizable fraction/concentration (i.e. 

monomer and cross-linker) of the polymerization mixture. The range of obtainable 

concentration is however limited by the solubility of the monomers and cross-linkers in 

the polymerization mixture (vide supra). Alternatively, the wall thickness can be 

controlled in a stepwise manner by conducting multiple sequential polymerization steps. 

In this way, a range of tube wall thicknesses can be produced that are multiples of a 

single layer. Successive polymerizations were performed in γ-MAPS-functionalized 

10 µm I.D. capillary templates. Poly-(BMA-co-BDMA) concentric tubes are prepared by 

performing an initial polymerization using conditions that promote tube formation, 

followed by flushing, then filling with a second polymerization mixture and again 

carrying out the polymerization. The protocol described in section 2.3.2 was used to 

assess both tubularity and thickness of the resulting polymer tubes. The single poly-

(BMA-co-BDMA) tube was determined to be 0.67 ± 0.12 µm thick. Following the 

second polymerization, a conspicuous interface is observed at the boundary of the two 



 

109 

 

polymer layers in the cleaved and etched template samples. Characterization of the tube 

following the second polymerization yielded a tube wall thickness of 1.33 ± 0.13 µm. 

Figure 2.8 A and 2.8 B shows scanning electron microscope images of a γ-MAPS-

functionalized capillary template with two poly-(BMA-co-BDMA) layers and mixed 

material concentric tubes of poly-(ST-co-DVB) within poly-(BMA-co-BDMA). 

Furthermore, Figure 2.8 C and 2.8 D show an example where three polymerization steps 

were utilized to produce three poly-(BMA-co-BDMA) layers.  

 

Figure 2.8. Scanning electron micrograph of (A) two concentric tubes of poly-

(BMA-co-BDMA); (B) concentric tubes of poly-(ST-co-DVB) within poly-(BMA-co-

BDMA); (C) three concentric tubes of poly-(ST-co-DVB) and (D) a magnified view 

of three poly-(ST-co-DVB) tubes to show the three distinct polymer layers. All 

polymerizations were carried out in 10 µm I.D., γ-MAPS-functionalized fused silica 

capillaries 
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Within error, the thickness of the double poly-(BMA-co-BDMA) tube was twice that 

of the single poly-(BMA-co-BDMA) tube. The RSD of the thickness was typically ~10% 

for double poly-(BMA-co-BDMA) tube and ~18% for single poly-(BMA-co-BDMA) 

tubes. The reduced relative standard deviation for the double tubes stems from similarly-

sized nodules along the inner surfaces of the tubes and the difference in thickness 

between the single- and double-layered tubes. It follows that additional successive 

polymerization steps can be performed to increase the tube wall thickness further.  The 

multi-concentric layer tubes can be produced in either a vinyl-functionalized or CTMS-

functionalized (data not shown) capillary template. In principle, the stepwise formation of 

concentric polymer tubes can be continued, however, with the deposition of each polymer 

layer, there is a commensurate increase in flow-induced backpressure due to reduced tube 

inner diameter. Multi-layered tubes can be constructed with other polymer materials as 

well. In addition to providing a method by which the tube thickness may be controlled as 

it may with single-polymer concentric tubes, mixed concentric tubes may have additional 

utility in cases where one polymer tube provides structural support and the other presents 

another desired property or functional group. 

2.3.4 Multiplexed Material Formation Using Microstructured Fiber Templates 

Silica capillary templates can produce a single tube with high aspect ratio. Using 

conditions optimized for tube formation, one can multiplex tube synthesis using a 

microstructured fiber (MSF), a novel silica-based template. MSFs are used to efficiently 

propagate light by employing a number of air channels near a solid or hollow core. The 

MSF templates (similar to capillary templates) are easily etched following polymerization 

to release the polymeric material. Figure 2.9 shows an MSF with 126 channels (each ~5.6 
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µm in diameter with a pitch of 12.3 µm). Following polymerization, 126 individual 

polymeric microtubes are produced with high fidelity.  

 

Figure 2.9. Commercial microstructured fiber with 126 channels of 5.6 µm diameter 

containing (A) no polymeric material and (B) poly-(ST-co¬-DVB) microtubes. Scale 

bars are 25 µm 

Similar to the morphological control in capillary templates, the porosity of the 

materials formed within a microstructured fiber can be tuned using the bore diameter, 

solvent polarity, and temperature (under thermal polymerization conditions). 

Furthermore, the transparency of the fibers to ultraviolet radiation makes them a good 

candidate for photochemical polymerization conditions as it is not required to strip the 

protective jacket. In this way, the overall reaction time is reduced by an order of 

magnitude (based on the half-life of the initiator molecules) while maintaining the 

integrity of the template. However, the temperature is not easily controlled during 

photochemical polymerizations and thus the solvent conditions must be heavily relied on 

to form various morphologies.  To show this, and further exemplify the diversity of 

materials that can be developed, glycidyl methacrylate (GMA) and ethylene glycol 
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dimethacrylate (EDMA) were employed as the monomer and crosslinker. Poly-

GMA/EDMA also offers the advantage of bearing a reactive epoxy group at the material 

surface, which can be further utilized for material functionalization as discussed in the 

following section. Considering the inner diameter of the channels within a 126-channel 

MSF (~5.6 µm), polymerization conditions were developed to produce porous polymer 

monoliths of different porosity using photochemical conditions. Table 2.1 shows the 

exact conditions that were applied. The solvent composition was varied from pure 1-

decanol to pure cyclohexanol and a 50/50 mixture was also tested. Given the relative 

polarity of these solvents and the polar nature of GMA, it was expected that a more 

tubular morphology would result from an increase in 1-decanol content while an increase 

in cyclohexanol should promote the formation of a more monolithic material. While this 

general idea is observed, there seems to exist a point at which the tubularity reaches a 

threshold. Such as in this case, where pure 1-decanol gave way to a similar morphology 

as the 50/50 mixture of 1-decanol/cyclohexanol. Figure 2.10 shows the resulting scanning 

electron micrographs of the materials formed from the 50/50 mixture as well as the pure 

cyclohexanol within the 126-channel MSF. It is clear that the density of the material 

increases significantly with an increase in cyclohexanol content, which is in agreement 

with other data presented in this chapter. The polymerization mixture containing only 1-

decanol was later tested under thermal polymerization conditions and a more tubular 

morphology resulted.  
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Figure 2.10. Scanning electron micrographs of (A, B) PMLD GMA/EDMA and (C, 

D) PMHD GMA/EDMA polymerized in a 126-hole MSF. Scale bars are 3 µm (A, C) 

and 10 µm (B, D)  

2.3.5 Potential Application Using Materials with Immobilized AgNPs  

The ability to rapidly form materials of various composition and morphology 

within the channels of a microstructured fiber has many potential applications including 

open tubular chromatography where a column could be developed and tested in a facile 

fashion. It is further expected that functional polymers within microstructured fibers 

could be implemented as an efficient way to multiplex sensing platforms. The ability to 
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control the material properties based on the desired application allows one to utilize a 

top-down approach for the development of such sensors. One possible sensory platform 

is that based on surface-enhanced Raman scattering (SERS), where the development of 

stable sensors with longer lifetimes is desired. SERS is a powerful spectroscopic 

technique that allows researchers to detect and define the structures of analyte at low 

concentrations33. The detection and characterization of the analyte are based primarily on 

the amplification of electromagnetic fields via the excitation of localized surface 

plasmons.33 Silver nanoparticles are air stable and have a localized surface plasmon 

resonance that covers the majority of the visible and infrared range making them a 

common building block for SERS substrates.  

In order to have bound AgNPs on a polymer material, that material would require 

a moiety at its surface which is highly reactive with silver (I), for example, an amine 

functional group. It is well known that epoxide based monomers are highly reactive 

toward various functional groups, including amines, and from this, glycidyl methacrylate 

was chosen as the monomer and ethylene glycol dimethacrylate (EDMA) was 

implemented as the crosslinking species. A material that increases SERS activity can be 

developed through the optimization of the surface coverage of AgNPs as well as tuning 

the shape and size of the particle itself. The surface of poly-(GMA-co-EDMA) can be 

amine-functionalized using a method described by Lin et al.25 This procedure is outlined 

in Section 2.2.4 and the reaction in Scheme 2.4.  
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Scheme 2.4. Reaction scheme of poly-(GMA) surface molecule reacting with 

ethylenediamine. 

A syringe barrel was utilized as a surrogate MSF template in order to verify the 

amine functionalization process. In this case, three materials were synthesized within 

syringe barrels including two identical poly-(GMA-co-EDMA) materials and one poly-

(BuMA-co-EDMA). One of the poly-(GMA-co-EDMA) samples was left as is while the 

other and the poly-(BuMA-co-EDMA) were flushed with an EDA solution and heated to 

80° C. Afterwards, each of the materials were rinsed with ACN, liberated from the 

syringe and ground into a fine powder for elemental analysis. The results show a 

significant difference in nitrogen content between the poly-(BuMA-co-EDMA) and the 

non-functionalized poly-(GMA-co-EDMA) compared to the poly-(GMA-co-EDMA) 

which was flushed with EDA (Table 2.3).  
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Table 2.3. Elemental analysis results for poly-(GMA-co-EDMA) and poly-(BuMA-

co-EDMA) 

Material Flushed with EDA Nitrogen Content (%) 

poly-(GMA-co-EDMA)  ● 2.615 

poly-(BuMA-co-EDMA) ● 0.305 

poly-(BuMA-co-EDMA)  0.109 

 

The successful functionalization permitted the attempt of an identical experiment 

within the channels of an MSF. In this way, a tubular poly-(GMA/EDMA) was 

synthesized under thermal conditions (TT-GMA/EDMA from Table 2.1). Following, 

amine functionalization was performed and the fiber was flushed with an aqueous 

solution of silver nanoparticles. While initial experiments have shown heterogeneity in 

the binding of the particles to the polymer, the binding and visualization of particles is a 

promising start to this project. Using SEM, the AgNPs could be identified as glowing 

clusters on the polymer surface and energy dispersive spectroscopy (EDS) confirmed the 

presence of silver within these clusters of particles. Figure 2.11 shows a composite image 

of a polymeric tube with AgNPs bound to the surface and an example of the EDS results 

by targeting a single spot on a cluster of particles. With this recent development in 

material formation, the future work of this project looks to optimize the shape and size of 

the particles further to increase surface coverage and begin to evaluate the SERS 

response from such materials.  
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Figure 2.11. Energy dispersive spectroscopy results of a spot scan targeting the 

bright silver nanoparticle of the inset scanning electron micrograph. Spot scan was 

done under low vacuum at 20 kV. Scale bar is 1 µm. 

2.4 Application in the Formation of Superhydrophobic Materials 

The understanding of material formation within capillary and MSF bores can also 

be applied to planar templates. In such templates, a Teflon spacer, which defines the 

material thickness, is inserted between two functionalized glass slides (γ-MAPS). The 

pre-polymer solution can be injected into this template and photochemically polymerized 

under UV exposure. Upon separation of the template, porous polymer materials form on 

each glass plate with controlled porosity (surface structure) based on the porogenic 

solvent(s) employed. Systematic studies similar to those presented in Section 2.3.2 and 

2.3.4 are ongoing towards the formation of a diverse set of materials with various 
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material thicknesses (using different Teflon spacer thicknesses), porosity, and surface 

roughness. These materials and their corresponding surface structures lead to different 

surface wettability wherein the formation of PPM materials with smaller pores and higher 

surface roughness promotes droplets to form in the Cassie-Baxter state. Consequently, 

materials with smaller pores have water contact angles and sliding angles characteristic of 

superhydrophobic materials. On the contrary, materials with larger pores and lower 

surface roughness promote contact angles and sliding angles characteristic of 

hydrophobic materials where the droplet resides in the Wenzel state. Superhydrophobic 

materials have been realized with porous BuMA-co-EDMA and FBA-co-EDMA. An 

example of a superhydrophobic BuMA-co-EDMA material is shown in Figure 2.12. The 

contact angle of this material is 164 ± 1° and the sliding angle is 2.1°.  This material was 

synthesized using a pre-polymer mixture composed of DMPAP (1 wt%), BuMA (20 

w%), EDMA (30 w%), 1-decanol (25 w%), and cyclohexanol (25 w%). It is expected 

that these types of materials will offer an attractive alternative to fluorinated materials for 

the field of microfluidics and droplet actuation. Furthermore, the ability to photograft and 

further functionalize these materials should pave the way for the development of diverse 

and versatile sensing platforms.  
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Figure 2.12: (A) SEM micrograph of BuMA-co-EDMA PPM and (B) droplet image 

corresponding to this material. Water contact angle was measured to be 164 ± 1º. 

Scale bars for (A) is 5 µm. 

2.5 Conclusions 

Poly-(BMA-co-BDMA) tubes were formed within fused silica capillary templates via 

an in situ thermally-initiated polymerization. Single tubes and mixed concentric tubes 

consisting of two different polymers were formed in CTMS- and γ-MAPS functionalized 

capillaries, which supports the assertion that partitioning phenomena drive the formation 

of polymer tubes in this template.  Temperature, solvent and template size were 

manipulated to tune the degree of monolithic or tubular morphology displayed by the 

poly-(BMA-co-BDMA) structures. It is postulated that temperature, solvent and template 

dimension influence polymer morphology by altering the extent of polymer partitioning 

to the capillary wall. The inner diameter of poly-(BMA-co-BDMA) and poly-(ST-co-

DVB) tubes was controlled through a successive polymerization process. This process 

was further developed for photochemical-initiated polymerizations wherein distinct 



 

120 

 

morphology control has been realized for monomers including GMA, BuMA, LMA, and 

IDMA (data not shown). Control over the functional groups on the monomers, 

tubular/monolithic character and thickness of polymer structures allow for the 

optimization of those traits to better suit the structure to a wide range of possible 

applications. Furthermore, said polymeric structures can be further manipulated by 

grafting reactive moieties for the implementation of sensing materials such as AgNPs. 

SERS experiments are currently being carried out on various polymer structures 

functionalized with AgNPs within MSF templates toward the development of a fiber-

based sensing platform. Lastly, the formation of superhydrophobic planar PPMs is 

presented towards new microfluidic platforms for droplet manipulation and sensing. 
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Chapter 3 

Fabrication of Patterned Superhydrophobic/Hydrophilic Substrates by 

Laser Micromachining for Small Volume Deposition and Droplet-based 

Fluorescence22 

3.1 Introduction 

Superhydrophobic surfaces are those which have high water contact angles (>150°) 

and low sliding/roll-off angles (<10°). In contrast, materials with low water-contact 

angles and high water adhesion are referred to as “hydrophilic” or in some cases 

“superhydrophilic” as the water-contact angle approaches zero (i.e. complete wetting). 

The synthesis and development of superhydrophobic surfaces/coatings with superior 

properties (higher water-contact angles, greater transparency, increased durability, etc.) 

has become a popular research topic in recent decades.1, 2 The utilization of more 

environmentally and health-friendly materials has even led to the fabrication of 

superhydrophobic coatings using entirely edible materials.3 Concurrently, there has been 

intense research effort allocated towards the development of coatings that repel both 

water and oil, referred to as “superamphiphobic” materials.4, 5 A variant is the 

development of substrates bearing both extremities of wettability, i.e. containing both 

superhydrophobic and (super)hydrophilic regions where, ideally, spacing and patterns 

can be precisely controlled.  

Microarrays with differential wetting have been found on the backs of beetles of the 

species Stenocara gracilipes, which live in the arid Namib Desert and collect water from 

                                                        
2 This chapter has been published in its entirety in ACS Applied Materials and Interfaces 2017, 9 (8), 7629-
36  
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morning fog.6, 7 There have been several biomimetic approaches toward the fabrication of 

arrays on a variety of substrate materials. Many of the applications of these materials 

such as water harvesting8, 9, microfluidics10-15, bio-molecule immobilization12, 16, and cell 

transfection17 rely on the ability to fabricate large microarrays in a rapid and controlled 

fashion.  To manufacture microarrays, researchers have utilized various techniques to 

construct physical barriers and generate micro- and nanowells through standard 

photolithographic and chemical etching methods18, micro-molding19, laser ablation20, hot 

embossing21, and powder blasting22 among others. The wells can then be filled directly 

using a capillary or through discontinuous dewetting.19   

As an alternative to physical barriers (i.e. microwells), droplet position and volume 

can be precisely controlled through surface wetting where (super)hydrophobic and 

(super)hydrophilic regions can be directly patterned on a surface, much in the way the 

Stenocara beetle does. In this way, water droplets selectively adhere to a hydrophilic 

patch surrounded by a water-repellent (super)hydrophobic area to form an array. 

Techniques such as photolithography, plasma treatment9, 23, 24, and chemical 

modification17, 25, 26 have been implemented to fabricate patterned substrates with specific 

regions of (super)hydrophobicity and (super)hydrophilicity.  

Laser ablation techniques27-34 have also been used in the patterning of 

superhydrophobic surfaces. In one example, McLauchlin et al.31 reported a facile method 

for generating laser-ablated hydrophilic patches on a nanowire-based superhydrophobic 

coating. Using either a CO2 or YAG laser they were able to ablate circular patches of 

various diameters and explore their wettability in terms of static contact angle. The 

authors report that the behavior of the droplet is dependent on surface energy, surface 
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structure, and how much influence the superhydrophobic coating has in comparison to 

the hydrophilic patch.  They further analyzed various patch sizes with different droplet 

volumes to conclude that the wettability of a droplet smaller than the patch diameter is 

governed by the Wenzel state, and droplets resting on the bulk superhydrophobic material 

are in the Cassie-Baxter state.31 Their work went on to demonstrate the use of patterned 

microarrays in analytical applications by performing matrix-assisted laser 

desorption/ionization mass spectrometry on a simple protein mixture. Seeger et al.29 

followed a similar patterning approach wherein the authors utilized a YAG laser to 

generate amphiphilic patches for the formation of oil “microvessels”. Megaridis et al.27 

also employed a CO2 laser to thermally pattern a superhydrophobic coating fabricated 

from hydrophobic silica and methylsilsesquioxane. The authors show and exploit 

interesting relationships between laser fluence and laser translation speed on surface 

wettability to generate various patterns of wettability in multiple substrates.   

In the current work, a facile method to rapidly produce hydrophilic patches on a 

superhydrophobic substrate is explored. A commercial superhydrophobic fluorinated 

silica nanoparticle-based coating is applied to a glass substrate35, which is then patterned 

using a laser micromachining system. The rate of machining (speed), laser power, and 

pitch (distance between lines) are explored for their effects on the patch wettability and 

overall fabrication times. The precise fabrication of superhydrophobic substrates 

composed of circular hydrophilic patches capable of spontaneous wetting/dewetting to 

produce aqueous droplet arrays is reported. Patch sizes between 100 µm and 1500 µm 

diameter were investigated to reproducibly form droplets with volumes ranging from 400 

pL to 530 nL, respectively. For demonstration, the patterned array is employed as a 
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substrate for the rapid determination of Stern-Volmer quenching constants using 

increasing patch diameters and a 3D-printed device.  

3.2 Experimental 

3.2.1 Reagents 

Glass microscope slides were purchased from Fisher Scientific (Economy Plain Glass 

Micro Slides; 76 x 25 x 1.0 mm) and were used as substrates. Sodium chloride, sodium 

bromide, and formic acid were all purchased from Sigma-Aldrich and quinine sulfate 

dihydrate was obtained from Fischer Scientific.  Ultra-Ever Dry® (UED) was acquired 

from Hazmasters (Ottawa, Canada) as a two-part coating: a base coat (adhesive) and top 

coat, which contains fluorinated silica nanoparticles (FSNPs). All aqueous solutions were 

prepared using 18.2 MΩ·cm water from a Milli-Q water purification system. 

3.2.2 Superhydrophobic Surface Preparation and Characterization 

Both base and top coats of UED were applied according to manufacturer’s 

instructions using aerosol microsprayers. The base coat was sprayed twice 

(approximately 2 minutes of drying between coats) over the cleaned glass slide surface 

and air-dried in a fume hood for 20 minutes at ambient temperature. Similarly, two layers 

of the top coat were uniformly sprayed over the dried base coat and air dried in a fume 

hood for a minimum of two hours before use. Rapid assessment of static contact angles 

and sliding angles of coatings were carried out using a USB microscope (Veho 

VMS004D), and when necessary, more precise measurements were made using a 

Dataphysics OCA 15Pro optical contact angle measuring system. 
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3.2.3 Laser Micromachining 

Laser micromachining was performed using an Oxford Lasers A Series Compact 

Micromachining System, equipped with a 355 nm solid-state diode-pumped picosecond 

pulsed laser. The system contains an integrated power meter, which indicates a laser 

power of 45.7 ± 4.5 mW, which is variably attenuated with motorized optics. The 

associated software uses G-code programs to manipulate an XY stage and laser optics (in 

Z) to perform the machining. Programs were created to mill circles in a substrate with the 

ability to vary the size and spacing of the array, the circle diameter, laser power, pitch 

between laser passes, and the speed at which the stage moves during the process. The 

code was written such that the laser would write concentric circles starting from the 

outermost circle (equal to the programmed diameter) and moving inward by the defined 

pitch, with a small spot to fill in the core of the circle.  

The superhydrophobic-coated substrate is placed inside the enclosure of the laser 

micromachining system and fixed onto the x/y stage using tape to prevent any movement 

whilst the stage is in motion. Once in place, using the system’s software (Cimita), the 

substrate is brought into focus by adjusting the height of the laser optics (with mounted 

camera) and focusing using the on-screen optical image. When the substrate is in focus 

the G-code machining routine can be initiated and the milling process begins. The 

substrates bearing hydrophilic patches are ready for use directly upon completion of the 

program and removal from the laser micromachining chamber without the need for 

further drying/cleaning. 

3.2.4 Scanning Electron Microscopy 

Surface characterization of the UED coating was carried out with scanning electron 
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microscopy on an MLA 650 FEG ESEM, where samples were analyzed under low 

vacuum without the presence of a conductive coating. Under these conditions, samples 

could still be utilized following SEM characterization.  

3.2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS and XPS mapping experiments were carried out using an AXIS Supra XPS 

system (Kratos Analytical).  Data was acquired under ultrahigh vacuum conditions using 

an Al Kα X-ray source (1486.6 eV) at 15 kV anode potential and 20 mA emission 

current.  Scans were acquired at fixed analyzer transmission (FAT) mode at a pass energy 

of 20 eV.  C 1s, O 1s and F 1s were acquired.  Nine scans each of 300 µm X 300 µm 

were obtained and stitched together to form each of the images in Figure 3.3 in the 

discussion of this chapter.  

3.2.6 Quencher Quantification via Droplet-based Fluorescence 

Fluorescence quenching experiments were performed using a 3D-printed device with 

a mounted excitation LED (375 nm) and coupled to a fluorescence spectrometer (Ocean 

Optics 2000+). The 3D-printed device is described further in Section 3.3.3. Stock 

solutions of quenchers (0.05 M NaCl and NaBr) were deposited on patches of increasing 

diameter by placing a large droplet (100 µL) on the smallest patch and tilting the 

substrate to an angle of 5-10° such that the droplet slid over all patches.36 The quenching 

salt was allowed to dry down to the patch prior to adding a 20 µL droplet containing 

aqueous quinine sulfate dihydrate (0.063 mM) and formic acid (0.1 M). Depending on the 

size and spacing of the hydrophilic patches (relative to droplet diameter/volume), they 

can be mixed using different methods. When the droplets are spaced by 5 mm or more, 
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the substrate can be placed on a vortex mixer (Scientific Industries Vortex Genie 2) to 

shake the droplets without droplet disengagement. This method becomes less successful 

with patch sizes <500 µm due to weak adhesion forces between the patch and the droplet. 

In cases where vortexing results in droplet disengagement the droplets can be drawn up 

using a pipet to commence mixing or can be agitated manually with the tip of a needle.  

 To monitor the emission intensity of each droplet, the excitation source and the 

collection probe were mounted stationary within the 3D-printed device while the milled 

substrate was placed in a holder, which could be translated through the 

excitation/emission field. Ocean Optics Spectra Suite software and strip-chart analysis 

were utilized to monitor a single emission wavelength over time, and in this way, the 

emission intensity of individual droplets could be measured. Schematic diagrams and 

further explanations are presented in Section 3.3.3.  

3.3 Results and Discussion 

3.3.1 Hydrophilic Patch Machining 

A laser micromachining system was utilized to generate hydrophilic patches on a 

superhydrophobic surface. In order to create such patterning, the laser must ablate the 

superhydrophobic material and expose the glass (hydrophilic) substrate. Several 

parameters of the milling program were varied to determine their effects on the 

microscopic physical properties as well as their impact on patch 

hydrophobicity/wettability. These parameters included overall patch diameter, laser 

power, writing speed, and pitch. At optimal focus, a single linewidth would be the same 

as the width of the beam (~10 µm). In this work, circular patches down to 100 µm 
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diameter were milled with high fidelity and reproducibility, where in most cases the 

diameter of the milled region is within 10 µm of the programmed diameter as measured 

by optical micrographs and SEM. Because the program was written such that the laser 

beam is centered on the programmed circle diameter, the resulting diameter is larger by a 

beam width (about 10 µm). Figure 3.1 shows a scanning electron micrograph of a typical 

500 µm hydrophilic patch (A) as well as a 5 µL water droplet on this patch (B) and a 

photograph of many colored droplets resting on an array of patches (C).  

 

Figure 3.1: (A) Scanning electron micrograph of a 500 µm patch milled at ~2.25 mW 

power and 1.0 mm/sec with a pitch step of 10 µm. Scale bar is 200 µm. (B) 5 µL 

water droplet resting on a 500 µm patch and (C) an array of colorful 10 µL droplets 

deposited on an array (20) of 1000 µm hydrophilic patches. 

The superhydrophobic coating utilized in this study is a two-part coating and it is 

important to note that the laser removes both layers (~4-8 µm) to expose the hydrophilic 

glass substrate to create a hydrophilic patch. The depth of the mill is expected to be 
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highly dependent on the laser power and the speed of the mill. In this study, laser powers 

between 0.45 mW and 24 mW and writing speeds between 0.5 mm/sec and 4 mm/sec 

were investigated. To probe if a given milling program removes both layers of the 

superhydrophobic coating, the entire coating was stripped following ablation via 

chemical exposure with xylenes and/or acetone and the resulting glass substrate was 

visualized under an optical microscope. Complete coating ablation was indicated by the 

visible machining of the underlying glass substrate (Figure 3.2). 

 

Figure 3.2: (A) Photograph of a slide bearing 1000 µm patches milled into the 

superhydrophobic coating (2.25 mW laser power). The left panel of A shows the 

coating still intact while the right panel shows the coating removed. Figure B is an 

optical micrograph of the patch milled into the glass after the coating has been 

removed.   

Within a given range, varying the speed and power can be understood as 

complementary; slower milling speed results in longer laser residence time, thus lower 

power can be utilized to maintain the same energy delivery per area of the substrate. 

Laser powers of less than 0.45 mW result in little to no ablation of the underlying glass at 

any of the speeds examined, while at laser powers of less than 2 mW, speeds less than 2.0 
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mm/sec are required to see significant ablation of the underlying glass. At laser powers 

greater than 4.5 mW, any speed in the examined range can be used to remove both layers 

of the superhydrophobic material, with more significant effect at slower speeds.  

The laser power and speed also contribute to what we refer to as a “mill broadening 

zone” (MBZ) that surrounds the hydrophilic patch, which is important when studying the 

wettability of such patches. While the laser ablates the material from a defined region, it 

also affects the surrounding areas. The MBZ is visible from optical and scanning electron 

microscopy and the size can be measured. X-ray photoelectron spectroscopy (XPS) was 

carried out in order to evaluate the chemical composition of the patch, MBZ, and the 

surrounding bulk surface. The commercial superhydrophobic coating contains a 

proprietary adhesive polymer base coat and FSNP top coat. It is therefore expected that 

fluorine would be exclusively found on the surface of the top coat, which would also 

contain a significant silica (SiO2) concentration. Although proprietary, we expect that the 

polymeric base coat would be primarily composed of aliphatic carbon bonds (C-C), and 

the bare patch should be comprised of silica (SiO2). From the analysis of XPS mapping of 

a 500 µm patch (milled with power: 6.75 mW, speed: 0.5 mm/sec, and pitch: 10 µm), it 

can be observed that a significant amount of fluorine (shown as the bright yellow area in 

Figure 3.3A) is present in the area surrounding the hydrophilic patch. Moreover, when 

examining the presence of carbon (Figure 3.3B), it is clear that a distinct ring of high 

carbon content (also shown as bright yellow) exists around the patch. We speculate that 

this area corresponds to the exposed bottom layer of the coating in addition to ablated 

debris. Figure 3.3C shows the results of a multi-element mapping experiment wherein the 

presence of fluorine (red), oxygen (green), and carbon (blue) was investigated. It can be 
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understood then, that the yellow color surrounding the carbon ring is a combination of the 

(red) fluorine and (green) oxygen from the FSNPs. In addition, the high oxygen content 

in tandem with the lack of fluorine within the patch validates that the silica substrate has 

been exposed.  The effect of the MBZ on patch wettability is further discussed in section 

3.3.2.  

 

Figure 3.3: XPS mapping results of a 500 µm patch milled at 6.75 mW laser power, 

0.5 mm/sec, and 10 µm pitch. Data was acquired under ultrahigh vacuum conditions 

using an Al Kα X-ray source (1486.6 eV) at 15 kV anode potential and 20 mA 

emission current.  Scans were acquired at fixed analyzer transmission (FAT) mode 

at a pass energy of 20 eV. (A) F 1s, (B) C 1s, and (C) F 1s, C 1s, and O 1s were 

acquired.  Nine scans each of 300 µm X 300 µm were acquired and stitched together 

to form each of the images presented here. Scale bars are 200 µm. 

In addition to the power of the laser and the speed of the mill, the pitch can also be 
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programmed and precisely controlled. Pitch can be understood as the distance between 

concentric rings that are milled to form the circular patch. The term “pitch” in this case 

should not be confused with the distance between adjacent patches in an array. 

Intuitively, the pitch distance is limited to the spatial resolution of the laser (i.e. beam 

width) and the diameter of the patch, and for this reason pitch values less than 10 µm 

were not explored in this study. Furthermore, it should be noted that the pitch must be set 

such that there is a whole number of concentric rings that make up the patch diameter. 

Patches with various pitch steps were characterized with SEM to reveal high fidelity 

when the substrate is well focused. Figures 3.4A and 3.4B show SEM images of milling 

patterns with 10 µm and 40 µm programmed pitches, respectively. It is evident from 

Figure 3.4B that at some pitch value, there remains superhydrophobic coating between 

ablated rings. From Figure 3.4D, it can also be seen that at some speed value, the laser 

pulse frequency becomes visible (the program uses the maximum 400 pulses per second, 

so there is an individual spot every 10 µm at 4 mm/s). From imaging analysis, the best 

quality micromachining is accomplished at low speed and low power with a pitch near 

the laser beam width (~10 µm). However, there is a trade-off between patch precision and 

fabrication speed (throughput), which is most pronounced for large arrays. Presented in 

Figure 3.4E is a three-dimensional relationship of how fabrication time depends on both 

speed and pitch. This plot shows that within the speed/pitch range studied, a 500 µm 

patch can be milled as quickly as 2.58 seconds or as long as 80.11 seconds. For a typical 

10 x 10 patch array, patterning could take less than 5 minutes or more than two hours 

under such conditions. A good strategy, therefore, would be to use the parameters leading 

to the shortest possible fabrication time while meeting minimum criteria for wettability. 
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The movement between hydrophilic patches is done at a constant speed of 4 mm/second 

and is negligible in most cases, however, this could affect fabrication times for larger and 

more highly spaced arrays. 

 

Figure 3.4: Scanning electron micrographs of a 500 µm patch with varying 

characteristics (A) 10 µm pitch compared to (B) 40 µm pitch with 2.25 mW power at 

a speed of 1 mm/sec; and a 10 µm pitch with milling speeds of (C) 0.5 mm/sec 

compared to (D) 4.0 mm/sec with 2.25 mW power. All scale bars are 100 µm. (E) 3-

dimensional plot of the effect of speed and pitch on the time it takes to mill a single 

500 µm patch. 

3.3.2 Effects of Machining Parameters on Patch Hydrophilicity 

Aqueous droplets can be deposited on the hydrophilic patches using several 

different techniques including manually pipetting droplets of desired volume to the 

patches, submerging and removing the entire substrate from the desired solution, 

dragging a larger droplet (>20 µL) over the patches, or placing a droplet on the surface 

and tilting the substrate such that the droplets slides over the hydrophilic patches. In most 
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cases, the manual deposition of droplets is tedious and error can be incurred when not 

utilizing specialized, high-precision, high-cost instrumentation, in particular for the 

deposition of small volumes (<1 µL). As such, the ability to accurately dispense sub-

microliter volumes is of keen interest. In an effort to do so, several systematic studies 

were carried out to characterize how altering the laser milling parameters affected the 

patch hydrophilicity. From initial experiments, it became apparent that the base diameter 

of the droplet was governed not by the programmed diameter of the patch but by the 

diameter of the patch including the MBZ (mill-broadening zone immediately surrounding 

the milled patch). This, along with the aforementioned XPS imaging results, implies that 

the MBZ is relatively hydrophilic (i.e. no FSNP), and that milling parameters that affect 

the MBZ will inherently change the hydrophilicity and must be considered to asceratain 

accurate volume deposition. Figure 3.5 shows the results of rapidly depositing blue 

droplets (135 ± 3 nL) controlled by patch size and wettability formed by dragging a 

larger droplet (20 µL) over the hydrophilic patches. The larger droplet (after dragging) is 

also shown in the bottom right of the array. 

 

Figure 3.5: 135 ± 3 nL (40) droplets formed by dragging a 20 µL over the entire 

array. The larger droplet (after dragging) is shown in the bottom right of the array. 

The effects of varying machining parameters on the deposited volume on the 
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patch and the confinement of the aqueous media relative to the size of the milled region 

were investigated. With the understanding that the MBZ defines the wetting diameter 

(patch diameter + MBZ width), it was important to determine how altering the laser 

power, speed, and pitch affects the formation of the MBZ surrounding the patch. All 

remaining studies were done using a programmed diameter of 500 µm unless otherwise 

noted.  It was realized that altering the laser power had the most dramatic effect on patch 

hydrophilicity as well as the wettable diameter. For laser powers less than 2 mW, the 

wetting of the patches becomes inconsistent and, in most cases, droplets will not adhere 

to the patch leaving negligible and unpredictable volumes behind. This is due to the lack 

of complete material removal from the superhydrophobic surface by the laser. In the 

same way, as the laser power is increased the MBZ becomes much larger and the 

wettable diameter increases significantly (Figure 3.6D). For a programmed 500 µm patch, 

the wettable diameter can be as large as 1000 µm within the laser powers studied, 

effectively doubling the patch diameter. Three laser powers (2.25 mW, 6.75 mW, and 

13.5 mW) were selected for the study of pitch and speed variation effects on the MBZ.  

In the analysis of speed variation, it was observed that lower milling speeds produced a 

larger MBZ region and thus a larger wetting diameter. In general, the wetting diameter 

decreases as the speed increases until a speed of approximately 2 mm/sec where the MBZ 

is no longer affected by further increasing the speed (Figure 3.6C). Pitch variation 

showed a similar trend to that of speed, albeit to a lesser degree, however, it is clear that 

there is more inherent error associated with the wetting diameter and thus significant 

trends are not observed (Figure 3.6B). This is due to the number of passes the laser makes 

when proximal to the outer edge of the patch. For example, in both cases there is a laser 
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pass that defines the outer diameter, however, a programmed 10 µm pitch indicates that 

the laser makes 4 passes before it would make a second pass when the pitch is 40 µm. 

This density of laser power proximal to the outer edge should cause a larger MBZ for 

smaller programmed pitch values.  

 

Figure 3.6: (A) 3D-schematic of the droplet-dragging technique utilized to deposit 

liquid on hydrophilic patches spontaneously. Additionally, the effects of how the 

wetting diameter changes as a function of varying the (B) pitch, (C) milling speed, 

and (D) laser power. All studies presented were done using a standard milling 

protocol to produce 500 µm patches with a speed of 1 mm/sec and a pitch of 10 µm 

while (■), (▼), and (●) in Figures (B) and (C) correspond to the three laser powers, 

2.25 mW, 6.75 mW, and 13.5 mW, respectively (i.e. for plot B, pitch remained 

constant at 10 µm and for plot C, speed remained constant at 1 mm/sec). Error bars 

represent the standard deviation of three trials. 
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From this analysis, it is most time-efficient to utilize higher speeds and larger 

pitch. However, mill time (and hence cost) must be balanced with a yield of useful 

patches that minimize MBZ and corresponding droplet variability. To this end, lower 

power is preferred, and with it, lower speed. Pitch appears to have less impact on these 

outcomes, so using the greatest pitch that maintains wettability and droplet size 

reproducibility would be optimal. The error analysis shown in Figure 3.6 was used to 

develop a method that produces the most accurate volume deposition with high 

reproducibility (i.e. smallest MBZ). The optimized conditions (2.25 mW power, 1 

mm/sec speed, and 20 µm pitch) were utilized to generate patches suitable for droplet 

volume characterization as well as for the droplet-based fluorescence quenching 

experiments discussed later in this chapter. 

With precise control over patch size and wettability, either substrate submersing 

or droplet dragging can give repeatable and rapid dispensing of accurate sub-microliter 

droplets in a patterned array, the latter being the chosen method in this work. To probe 

droplet volumes and reproducibility, patches of increasing diameter were milled into the 

superhydrophobic substrate and the corresponding amounts deposited by spontaneous 

wetting/de-wetting were measured. Optical micrographs of the droplets were analyzed, 

and the radius of the droplet base (a) and height (h) used to calculate volume by the 

spherical cap method:  

 ( )2 23
6
hV a hp ×

= +   (3.1) 

In Figure 3.7B, we show that the droplet volume increases with an increase in the 

hydrophilic patch size within the examined regime. In this way, volumes as small as 400 

pL were deposited on 100 µm patches. Three different laser powers were studied for 100-
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1000 µm patches under otherwise similar milling conditions. It is likely that the deposited 

volume will be different depending on the surface tension of the liquid and this will be a 

subject of future studies. However, in many cases, the potential for investigating other 

liquids is limited by the solvent compatibility of the surface.  

 

Figure 3.7: (A) Schematic diagram of a hydrophilic patch and the spontaneous 

wetting of patches using the gravity driven technique; (B) Calculated volumes 

deposited on patches of increasing diameter are shown where (▲), (■) and (●) 

correspond to 7.5 mW, 5.0 mW and 2.5 mW laser power, respectively. Error bars 

correspond to the standard deviation of replicate measurements on 3 substrates 

with all milling parameters maintained; (C) A composite image formed by stitching 

a series of optical micrographs taken from a DataPhysics OCA 15Pro optical 

contact angle measuring system. 
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3.3.3 Quencher Quantification using 3D-printed Droplet-based Fluorescence 

Surfaces with patterned differences in wettability can be incorporated into 

microfluidic devices for many applications. We show here one such application where 

the accurate deposition of small volumes is utilized to rapidly generate Stern-Volmer 

plots and accurately determine the amount of fluorescence quencher in unknown samples. 

Such experiments were carried out such that the Stern-Volmer (calibration) curve and the 

analysis were done in an online fashion. In order to conduct the fluorescence accurately, 

it was important that the positioning of the excitation source, the emission fiber, and the 

droplet(s) remain constant throughout. For this purpose, a 3D-printed device was 

designed and fabricated in-house. 3D schematics and photographs of the 3D-printed 

device are shown in Figure 3.8. In this configuration, the emission fiber is mounted in the 

top of the device while a small UV LED (375 nm) is installed in the side wall. A small 

cone was implemented into the design to help focus the broad emission of the LED and 

prevent cross-talk between the fluorescence of adjacent droplets. The substrate is 

mounted to an additional 3D-printed translation stage where the slide is held in place by 

the slide bed. This slide bed can be translated along the x-axis to facilitate the 

interrogation of multiple droplets that rest in the same plane. The height of the excitation 

source and the distance from the emission probe to the droplet were also optimized to 

maximize signal intensity as well as to eliminate cross-talk between adjacent droplets 

further. Figure 3.8A shows the individual parts of the 3D-printed device while 3.8B 

shows the assembled device and the droplet-based fluorescence measurement.  
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Figure 3.8: Schematic diagrams of (A) the different parts of the 3D-printed device 

utilized to perform the droplet-based fluorescence measurements. The black bed 

holds the slide in place and can be translated along a single axis while the excitation 

and emission source are held stationary and (B) the side profile of the assembled 

device and a droplet resting in the path of the excitation/emission. (C) and (D) show 

photographs of the device before and during excitation/emission, respectively.  

The 3D-printed interface in Figure 3.8 was coupled to a fluorescence spectrometer 

and strip-chart analysis was utilized to rapidly perform analytical measurements through 

generating Stern-Volmer quenching plots. To do this, patches of incrementing size (700, 

800, 1000, 1100, 1200, 1400 µm) were milled 5 mm from the edge of the substrate to 
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align appropriately with the emission fiber. The substrate was then “painted” with a 

solution of NaCl or NaBr (0.05 M) using the gravity-driven method by placing a large 

droplet on the 800 µm patch and tilting the substrate (as explained in previous sections). 

The small droplets of salt solution were allowed to dry to the patches followed by re-

dissolving in 20 µL droplets of quinine sulfate dihydrate with thorough mixing by placing 

the substrate on a vortex mixer. Depositing droplets of halide quenchers on 800, 1000, 

1100, 1200, and 1400 µm patches causes respective quencher concentrations of 0.21, 

0.45, 0.59, 0.74, and 1.2 mM in the final droplet of quencher and fluorophore. After 

mixing, the substrate was placed in the device and an additional 20 µL droplet of quinine 

sulfate dihydrate and formic acid was put on the 700 µm patch (serving as F0). By 

manually moving the translation stage, the fluorescence emission of the individual 

droplets could be measured as a function of time, where the droplet resting on the 700 µm 

patch has a quencher concentration of zero while sequential patches have increasing 

concentrations as a direct result of the volume initially deposited. In this way, translating 

the stage such that each droplet passes through the excitation/emission facilitates 

extraction of the fluorescence emission, which can then be plotted as a function of 

quencher concentration. After device and substrate fabrication, this process can be 

completed in less than 10 minutes and with minimal sample consumption. Experimental 

error in the droplet emission is primarily associated with the uncertainty in the amount of 

salt stemming from volume deposition. Figure 3.9 shows the average F0/F values for 

triplicates of both NaCl and NaBr (Table 3.1), where the corresponding Stern-Volmer 

quenching constants are 249.76 Lmol-1 and 394.62 Lmol-1, respectively.  
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Table 3.1: F0/F values and respective error for both halide quenchers at the various 

concentrations generated from painting quencher onto different sized patches. 

Patch Size 

(µm) 

Concentration 

(mM) 

F0/F 

NaCl NaBr 

1400  1.2 1.31 ± 0.0384 1.50 ± 0.0547 

1200 0.74 1.17 ± 0.0393 1.26 ± 0.0383 

1100 0.59 1.13 ± 0.0247 1.20 ± 0.0269 

1000 0.45 1.10 ± 0.0182 1.17 ± 0.0255 

800 0.21 1.06 ± 0.0169 1.08 ± 0.0221 
 

 

Figure 3.9: Stern-Volmer quenching plots of quinine sulfate by NaCl (●); y = 

249.76x + 0.996, r2 = 0.9940 and NaBr (▼); y = 394.62x + 0.989, r2 = 0.98779. Inset 

shows an example of the strip-charts obtained during analysis. 



 

146 

 

While we only show a basic analytical assay here, the authors recognize the ability 

for such a device to be implemented into more advanced biological and health-related 

applications, where the rapid evaluation (fluorescence, colorimetric, etc.) of samples is 

desired and will be the focal point of future research.  

3.4 Conclusions 

A facile method for producing hydrophilic patches on a commercial 

superhydrophobic material using laser micromachining is presented. A comprehensive 

study of the laser machining parameters including patch diameter, pitch, and speed was 

investigated for their effects on a mill-broadening zone, which governs the wettability of 

such patches. These patches can be utilized for the rapid and accurate deposition of 

volumes as low as 400 pL, and as an example application of such surfaces, quencher 

quantification is done by coupling a fluorescence spectrometer to a 3D-printed device 

bearing a substrate with various sized patches milled within it.  
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Chapter 4 

Fabrication of Axicon Microlenses on Capillaries and Microstructured 

Fibers by Wet Etching33 

4.1 Introduction 

Bessel beams1 exhibit a tight focal spot in the transverse plane, and a focal 

volume that is elongated along the optical axis compared to that produced by a spherical 

lens. Due to their non-diffracting, “self-healing” nature, Bessel beams are employed in a 

wide variety of applications including non-linear optics2, lithography3, microfabrication4, 

atom-trapping5, and optical tweezers6 among others.  Bessel beams can be created using 

optical components such as an annular aperture located at the focal plane of a lens, spatial 

light modulation, computer-generated holograms or more simply through the use of 

axicon lenses. First reported in 1954 by McLeod et al.7, axicons generate Bessel beams 

from collimated beams of light using a cone-shaped lens. Since then, axicon lenses have 

been used in a wide range of devices and applications. The fabrication of axicon lenses 

on the facet of multimode fibers (i.e. microaxicons or microaxicon lenses) has been 

carried out using fiber polishing8 and focused ion beam technology9, however, most 

fabrication strategies have focused on wet-chemical etching with hydrofluoric acid 

(HF)10, 11 using either the Turner12 or tube-etching13 methods.  

The Turner method involves etching a fiber at the meniscus between an organic 

layer and hydrofluoric acid with its protective polymer coating removed.12 The process 

produces a tapered structure due to the decreasing height of the meniscus as the fiber 

                                                        
3 This chapter has been published in its entirety in Optics Express 2016, 24 (18), 20346-58. 
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diameter is reduced.6 During tube-etching, the fiber’s acrylate coating is not removed and 

acts as a protective shell to maintain the integrity of the outer portion of the fiber.13 The 

etching process proceeds in the hollow cylinder formed by the coating as the glass is 

gradually removed by etching. After the etching is complete, the protective coating is 

removed chemically, e.g. using hot concentrated sulfuric acid, or by mechanical 

stripping.13 Eisenstein and Vitello initially reported the use of wet-chemical etching to 

produce an axicon lens on the end of a single-mode optical fiber and showed that the 

height of conical lenses protruding from the core of a fiber could be controlled by 

adjusting the composition and temperature of the etchant solution.10 The resulting lensed 

fiber improved the coupling of single-mode injection lasers and single-mode fibers. 

Later, Eah et al. utilized wet-chemical etching to produce a microaxicon on the facet of a 

commercially available single-mode fiber.11 Mohanty et al. used differential etching and 

a modified tube-etching method to fabricate an axicon with cone angles varying from 30° 

to 60° on the tip of an optical fiber. The microaxicon lenses were utilized to trap low-

index microscopic objects.14 Kuchmizhak et al.  recently reported the fabrication of high-

quality microaxicons on the end-face of optical fibers using the tube-etching method.15 

The authors correlated fiber composition and microaxicon formation. A lengthy (up to 

seven hours per fiber) but useful tube-etching method involved placing the fiber in a 

solution of concentrated HF (40%) for several hours. Ion-beam milling was then applied 

to remove a portion of the tapered end, and the fiber was immersed again in an aqueous 

solution of HF (10%). In this way, microaxicons with excellent axial symmetry and 

highly tunable angles were produced. The authors also showed the Bessel-like beam 
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profiles of the microaxicons, however, the lengthy, multi-step, fabrication somewhat 

limits its scale-up.   

In this chapter, we fabricate single microaxicon lenses on the end facets of 

conventional silica capillaries. These capillaries may be used for optical trapping where 

the particle is introduced on-axis by delivery through the same capillary that provides the 

focusing of the co-propagated light beam. Such devices also allow for optical excitation 

and possible evaporation of a sample at the end of the capillary waveguide. A model is 

provided to describe the formation of an etchant gradient. The consequent differential 

etching rates are used to control the axicon angle. The same protocol was also used to 

fabricate microaxicons at the end of nine borosilicate-doped capillaries that are contained 

in a custom-designed multichannel microstructured fiber. Etching gradients that are 

created by slowly flowing water into the etching solution permit the rapid and 

simultaneous fabrication of several fiber microlenses in less than 20 minutes. 

4.2 Experimental 

4.2.1 Fiber Fabrication 

The custom microstructured fiber (MSF) was fabricated at the Centre for Optics, 

Photonics and Lasers (COPL, Québec City, Canada). A detailed description of the fiber 

fabrication is presented in Chapter 5 and previously by Fu et al.16 Briefly, a set of 

borosilicate- and fused silica rods are stacked in the desired arrangement around a large 

borosilicate core and silica capillaries are inserted within the structure to produce a 

preform. The capillaries are arranged equidistantly in a radial pattern. The preform is then 

drawn into a fiber with desired dimensions (MSF 360 µm O.D., borosilicate core 200 µm 



 

153 

 

O.D., and capillary bore 10 µm I.D.) by adjusting the drawing speed. An optical 

micrograph and scanning electron micrograph of the microstructured fiber are shown in 

Figure 4.1. 

 

Figure 4.1. (A) Optical micrograph and (B) scanning electron micrograph of the 

custom-designed microstructured fiber utilized in this study. The dark shaded 

regions of the fiber in image (A) correspond to regions of borosilicate (9 mol%) glass 

while the light shaded regions correspond to fused-silica. Scale bar in (B) is 100 µm 

4.2.2 Fabrication of Microlenses 

Prior to etching a capillary (e.g. Polymicro 360 µm O.D., bore 10 µm I.D.), the 

protective polyimide jacket was removed from the fiber using a wire stripper (Stripall 

TWC-1, Teledyne Impulse, San Diego, CA, USA). The protective acrylate jacket of other 

capillaries could also be removed chemically using dichloromethane. Following the 

removal of the jacket, the bare capillary was cleaved using a precision fiber cleaver 

(LDC-400, Vytran, Morganville, NJ, USA). When the cleave quality is deemed 

acceptable (assessed by optical microscopy), the capillary was connected to a syringe 
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filled with degassed, deionized water and placed on a syringe pump (Harvard Apparatus 

Pump 11 Plus, Holliston, MA, USA). The syringe pump was used to control the flow rate 

of deionized water passing through the channels of the capillaries. When the capillaries 

are contained in a microstructured fiber bundle, the flow through each channel must be 

similar and consistent in order to ensure that all microlenses are identical. The flow speed 

was monitored using a USB microscope (Veho VMS-004D) prior to submersing the 

capillaries in the etchant. After allowing sufficient time (1-5 minutes) for flow 

equilibration through the channels, the end of the capillary/fiber was submerged in a 

solution of concentrated hydrofluoric acid (48 wt%) such that the capillary did not 

contact the edges of the container and was perpendicular to the surface of the HF 

solution. The capillary was etched at 22 ± 1°C with a constant flow (~50 nL/min for a 

capillary and ~80 nL/min for MSF) for different durations depending on the desired 

etching profile. 

4.2.3 Optical Characterization of Microlenses 

We inspected the focusing pattern created by the axicon lenses using an optical 

microscope whose optical axis is co-aligned with the capillary axis. The axicon lenses 

were examined by increasing the distance between the microscope’s objective lens and 

the axicon base in well-controlled increments.10 While the axicon end of the capillary is 

mounted on the translation stage of the microscope, light from a 532 nm laser diode is 

coupled into the free end of the capillary. Images are taken at regular distance intervals (5 

µm) and compiled into cross sections using ImageJ software (US National Institutes of 

Health). A schematic drawing of the experimental setup for image acquisition is shown in 

Figure 4.2. 
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Figure 4.2. Schematic diagram of experimental set-up for imaging the emission 

patterns of microlenses on the facet of capillaries and microstructured fibers. 

The microlenses formed on the silica portions of the MSF were similarly 

characterized (at Université Laval) using a CMOS camera that was mounted on a single-

axis translation stage in order to facilitate movement through the focal range of the 

microlenses without moving the fiber and compromising the light coupling. The camera 

was moved from the face of the fiber in 10 µm increments and images were taken at each 

interval. These fibers were also characterized using an optical microscope and a 980 nm 

source (otherwise analogous to the capillary microlenses) wherein the z movement of the 

objective was digitally measured with 0.5 µm resolution. 
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4.2.4 Scanning Electron Microscopy 

Scanning electron micrographs were taken (FEI Quanta 650 FEG ESEM) to 

characterize the microlens shape and the overall fiber profile. SEM and optical imaging 

were performed before and after microlens optical measurements to ensure no structural 

changes had occurred during the measurement process. SEM analysis was also conducted 

to measure the angle of the microlenses. All SEM images were obtained under low 

vacuum conditions without the presence of a conductive coating.  

4.3 Ray Optics Model 

A cone-shaped tip at the end of a multimode optical waveguide is expected to 

retain some of the inherent properties of a conventional axicon lens. The main difference 

is due to the multimode nature of the capillary or fiber. Instead of a plane wave 

interacting with the conical surface, the light rays in a multimode waveguide are exiting 

the fiber at a range of angles given by the numerical aperture of the fiber. Modeling of the 

emission pattern, therefore, requires sampling light rays at all possible refraction angles. 

Of relevance to the current study is the intensity distribution in the medium outside the 

cone-terminated waveguide as well as inside the axicon lens itself. 

A variety of methods are suited to modeling this intensity distribution. 

Considering that all dimensions are large compared to the wavelength of the light, we 

used a simple ray tracing approach. Also, instead of performing a Monte-Carlo type 

approach to determine the irradiated volume elements for each ray of light, we inverted 

the problem and determined for each volume element in the sample space the number of 

surface elements on the axicon lens that contribute rays to its irradiation. The approach is 

fast and exact as well as physically intuitive. Since the system has cylindrical symmetry, 
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it is sufficient to solve the two-dimensional problem. The three-dimensional intensity 

distribution can be readily obtained from an Abel transformation.17, 18 

In our calculations the following assumptions were used: 

1. The wave nature of light was neglected; effects due to coherence were 

ignored. 

2. Only a single refraction or reflection was included in the calculations; this 

had the consequence that rays that were internally reflected inside the 

axicon lens were not followed once they were emitted by the lens. 

3. Reflections at sub-critical angles (Fresnel reflections) were ignored. This 

also had the consequence that refracted light always carried the initial 

intensity. 

4. The multimode fiber was assumed to be perfectly filled, i.e. all internal 

reflection angles in the range permitted by the numerical aperture were 

assumed to be equally likely. 

5. Absorption and scattering were ignored. 

6. The center hole of the capillary was ignored. 

We carefully followed an approach that has been described before for the 

calculation of multimode fiber lenses17-19. In this method the intensity of each pixel {x,y} 

is calculated by adding light rays that emanate from the two finely incremented lines that 

form the profile of the axicon lens (Figure 4.3). 

For light that is focused outside the axicon lens in a medium with refractive index 

n0, the intensity at point {x,y} is incremented by one unit if the angle ϕu
xy falls between 

the two limiting angles β1 and β2. In addition, the intensity is incremented by one more 
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unit if the angle ϕd
xy falls between -β1 and β2. These angles are β1 = ϕs1 - γ and β2 = ϕs1 + 

γ. From Snell’s law: 

 1,2 1,2
0

sin sin ,core
s f

n
n

f f=   (4.1) 

where ncore and n0 are the refractive indices of the fiber core and the surrounding medium, 

respectively. The two limiting incidence angles at the inner surface of the axicon lens are 

ϕf1 = π/2 - θc + γ and ϕf2 = π/2 - θc – γ. The critical incidence angle inside the multimode 

fiber is governed by the refractive index of the cladding, nclad: 
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Given the refractive indices n0, nclad and ncore, as well as the cone angle, γ, of the 

axicon lens it is straightforward to determine the range of angles, β1 and β2, that can be 

irradiated from each point on the surface of the axicon lens. These angles are then 

compared to the two angles defining the point in the sample space that is under 

consideration, i.e. 
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Figure 4.3. Schematic of (A) two rays that are contributing to the intensity increase 

at the optical axis, (B) two rays that contribute to the ring pattern observable at 

large cone angles.  
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Figure 4.4. Schematic representation of light rays showing internal reflection at the 

inner axicon surface for greater axicon angle. 

Here, 0 < yACL < R and xACL= (R - yACL) tan(γ) with R being the radius of the core of 

the multimode fiber. When β1 < ϕu
xy < β2 the intensity is incremented due to irradiation 

from the upper half of the axicon lens and when -β1 > ϕd
xy > β2 the intensity is 

incremented due to irradiation from the lower half. 

A similar calculation was performed to model the intensity of the light inside the 

axicon lens (Figure 4.4). For large cone angles, γ, the guided light in the multimode fiber 

is likely to undergo total internal reflection on the inside of the axicon lens, thereby 

creating a region of increased light intensity below the tip of the lens. A point inside the 

axicon lens will be irradiated by reflected light only if the angle ϕx,y < θc - γ and ϕx,y < 

θACL – π/2. The critical angle for guided light in the fiber, θc, is given by (4.2), whereas 

that for total internal reflection at the axicon surface is 
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The angle ϕxy is more complicated to determine but can be concisely described as 
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where the coordinates of the axicon tip are xp = R sinγ and yp = 0. The intensity at {x,y}  

is then calculated as above, i.e. by incrementing yACL between 0 and R and determining 

xACL = (R - yACL) tan(γ) as well as all three angles ϕx,y, θc and θACL as described above. 

The intensity is incremented by one unit, if ϕx,y is smaller than both angles θc and θACL. 

Example results are shown in Figure 4.5 for axicon lenses with cone angles between 0 

and 50 degrees. Note that these are 2-dimensional calculations and an image representing 

the intensity distribution as seen by an observer requires an Abel transformation as in 20. 

In their modeling of axicon lenses obtained by tube-etching Kuchmizhak et al. used 

the finite difference time domain method to obtain the optical properties of their micro-

axicons21. These FDTD calculations are preferred for single mode fibers and coherent 

light sources, as they will correctly reproduce interference patterns. In our case of an 

entirely filled, multimode waveguide having hundreds or even thousands of modes, the 

above ray tracing method provides a simple, fast and accurate solution to an otherwise 

cumbersome problem. 
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Figure 4.5. Two-dimensional representations of the calculated intensity distribution 

inside and outside axicon lenses with different cone angles. Angles in the range of 

about 10-40 degrees produce a bright focal region in front of the axicon lens. At 

larger cone angles the light is predominantly reflected inside the cone and only then 

leaves the cone. These rays are not shown in the figure. 
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4.4 Results and Discussion 

4.4.1 Microlens Fabrication via Wet-Chemical Etching  

While fused-silica capillaries are primarily designed for fluidics applications and 

not designed to guide light, they offer structural and chemical properties similar to optical 

fibers. Without the presence of preventative water flow, wet-chemical etching of a glass 

capillary or “holey” microstructured fiber would proceed both, from the outer walls and 

etch inward as well as the etchant diffusing into the channel and etching outward. This 

results in the rapid expansion of the channel to form a much larger bore and eventually in 

the destruction of the capillary walls. To control the etching process, we introduce water 

flow at a rate comparable to the diffusion rate of etchant into the channel, which ensures 

that the etching proceeds only from the outer walls of the capillary. The constant flow of 

water through the capillary (into the etchant solution) also dilutes the etchant. Moreover, 

the water flow introduced an etchant concentration gradient extending radially from the 

center axis of the waveguide. A single tapered fused-silica cone, or “micronozzle”, is 

then formed from the initially flat facet of the capillary (Figures 4.6B and 4.6E). We 

show below that this cone acts as a microaxicon lens. 

The length of the protruding micronozzles and their cone angle can be adjusted 

through the etching time, etchant concentration, and/or the flow rate of water during the 

etching procedure. For example, longer etching times or higher HF concentration results 

in longer nozzle protrusion. Figure 4.6B shows a microaxicon with a cone angle of 

approximately 15° produced after etching for 10 min and Figure 4.6E shows a 

microaxicon with an approximately 35° cone angle, which is formed after 20 minutes of 
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etching in HF solution. The water flow rate was kept constant. The shape of the axicon 

lens reflects presumably the concentration gradient of the HF solution. 

 

Figure 4.6. (A) Modeled emission pattern for 15° axicon lens, (B) Optical 

micrograph of a 15º lens in front of a 320 µm O.D. capillary, (C) experimental 

emission pattern of 15° lens. (D)-(F) are the analogous images for a 35º lens. 

Etching of the custom “holey” MSF results in several microaxicons that are formed at 

the end of each of the nine channels.  As opposed to the single capillaries, the MSF 

contains two different types of glass. As for the single capillary, the microaxicon is 

fabricated from fused silica, which in this case is embedded in borosilicate glass. The 

borosilicate glass is etched much faster by HF solution and, as it is removed, it exposed 

the sidewalls of the integrated fused-silica capillary. The process is readily modeled using 

simple rate equations. 
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Figure 4.7. Scanning electron micrographs of the micronozzles (microlenses) 

produced by etching the custom microstructured fiber for (A) 12 minutes and (B) 

for 17 minutes with ~80 nL/min water flow through the center holes. Inset images 

show the entire fiber profile. All scale bars are 50 µm. (C) Schematic diagram of 

microlens (micronozzle) formation as the etching procedure occurs. (1) and (2) 

correspond to borosilicate and fused-silica compositions, respectively, while R0 is the 

distance from the channel wall to the borosilicate boundary (i.e. the base width) and 

R is the width of the top portion of the microlens. 

Our model describes the etching kinetics and the geometry of the final structure based 

on a few simple assumptions. We assume that the material removal rate depends linearly 
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on the constant concentration of the etchant, [HF], and a rate constant, k, that is different 

for the borosilicate glass (k1) and pure silicate glass (k2). 

 [ ]i X

dx k HF
dt
=   (4.6) 

The HF concentration is furthermore assumed to vary linearly between the inner rim 

of the water-filled capillary, [HF]D, and the outer border of the silicate capillary, [HF]C. 

(see the profile on top of Figure 4.7C) The axicon angle is then determined as 

 [ ] [ ]1 1 2tan tan ,C D
D C

x x k t HF HF
R R

g - -D -Dæ ö æ ö= = -ç ÷ç ÷
è øè ø

  (4.7) 

where we used ∆xC,D=k2t[HF]C,D by integration of (4.6). The axicon angle, therefore, 

increases as a function of etching time, as observed. The “post angle”, α, can similarly be 

obtained as described earlier by Kotsas et al.22 using the integral of (4.6). 

 [ ] ( )2B AB
x k HF t tD = -   (4.8) 

Since the sidewall is only etched after the borosilicate (1) has been removed, we need 

to consider the removal rate of the borosilicate glass as this will determine the lower 

integration limit. This consideration yields 
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and insertion into (4.8) gives: 
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Setting [HF]A = [HF]B for simplicity, the line describing the post wall at any time, τ, is 

therefore:  
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and, as was pointed out previously 22, the post angle is given by the angle between xA and 

xB 
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It is expected to be largely independent of etching time. The radius of the axicon lenses, 

 0 cos( )BR R x a= -D   (4.13) 

can be calculated using (4.8), (4.9), (4.12) to give 

 [ ]0 1 .AB
R R k HF t x= - +D   (4.14) 

In the SEM micrographs (Figure 4.7A and 4.7B), the two cone angles are clearly 

discernable. The axicon angle, γ is dependent on the concentration gradient and increases 

with time according to Equation 4.7. It changes from 30° to 36° degrees as the etching 

time is increased from 10 to 20 minutes. The post angle α only depends on the ratio of the 

etching rate constants of borosilicate glass and fused silica according to Equation 4.12. 

As expected, it remains approximately constant between 10 minutes etching time (72°) 

and 20 minutes (70°) (Figure 4.7A and 4.7B). 

4.4.2 Optical Characterization of Microaxicons 

4.4.2.1 Microaxicons on Capillaries 

The ability of the microaxicons to focus light was evaluated by following the 

protocol explained in Section 4.2.3. Images were captured at 5 µm intervals from the base 

of the microlens extending to 400 µm from the tip of the axicon.  These images were 
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processed to give a 2D intensity cross section containing the capillary axis. Two 

examples are displayed in Figures 4.6C and 4.6F. The tight but elongated focal regions 

extending from the tip of the axicon lenses confirm that the etched capillaries indeed 

produce Bessel-type beams. It is also evident that the longer etching time leads to a larger 

axicon angle and consequently to a tighter focus near the tip of the microaxicon. These 

experimental data show a 2D cross section of the focusing characteristics, similar to the 

result of the calculation shown in Figures 4.6A and 4.6D. Yet, there are differences 

between these figures. By design, the experimental microscope images show light in the 

focal plane of the microscope but also a blurred background of unfocused light. Figures 

4.6C and 4.6F, therefore, show a constant presence of light over the entire travel distance 

which diverges (visible especially in Figure 4.6F) due to blurring but not to beam 

divergence. Nevertheless, the experimental images confirm that for the 35° cone angle we 

observe a focal region near the top of the cone at about 170 µm, which agrees very well 

with the theoretical prediction. At a cone angle of 15°, the focal region is found to be 290 

µm, whereas our simulation predicts it to be at about 240 µm. The agreement is better 

than what might be expected, especially considering that the shape of the tip is not an 

ideal cone (Figures 4.6B and 4.6E). 

The center hole in the capillaries is expected to have only a small effect on the 

optical properties of the fiber microaxicon lenses. The hole diameter is only 10 µm 

whereas the capillary diameter is 320 µm. Given that the ratio of the cross-sectional areas 

is about 1:1000, it may therefore not be too surprising that the contributions of rays 

exiting the hole is not observed. 

 



 

169 

 

4.4.2.2 MSF Microlenses 

The fused silica portion of the microstructured waveguide has a higher refractive 

index of ncore = 1.464 at 655 nm compared to the borosilicate glass (nclad = 1.461). The 

silica portions of the MSF, therefore, behave like cladded multimode fiber waveguides. 

The microaxicons on the MSF are then expected to have similar focusing characteristics 

compared to the microaxicons formed on the fused silica capillaries. We found that the 

MSF showed good light guiding properties within the silica regions of the fiber. Similar 

to the capillary-microlenses, the focusing behavior of two fibers each having nine 

microaxicons with nearly identical etching profiles were characterized to validate the 

formation of axicon lenses. Again, the focusing properties of the microlenses were 

obtained following the protocol outlined in Section 4.2.3. It was observed that each of the 

nine microaxicons at the facets of the two fibers had a tight focal point with very little 

extension in the transverse plane. We also found that the focal points are strongly 

dependent on the etching profile, i.e. on the HF concentration and submersion duration. 

The focal points were determined by immobilizing the fiber and coupling light into the 

free end of the fiber while the microscope objective was translated away from the 

microaxicons. The region of the smallest and brightest spots was identified in five 

replicate experiments for two different MSF microaxicon profiles (shown in Figure 4.7). 

By averaging the 9 focal points in each fiber and the 5 trials, we obtained focal lengths of 

40.8 ± 1.6 µm for the shallow-angle microaxicons in Figure 4.6A and 15.6 ± 1.1 µm for 

the larger axicon angles of Figure 4.6B. Figure 4.8 shows an example of how the focal 

length was determined using laser-coupled optical microscopy. 
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Figure 4.8. Optical micrographs of (A) lens tips in focus and (B) from ~40 µm away 

from lens tip showing the focal point of a shallow etched MSF. These images show 3 

of the 9 microlenses on the facet of the MSF of Figure 4.7A. The scale bars are 50 

µm in both images. 

4.5 Conclusions 

Microaxicon lenses can be readily fabricated at the end of capillaries using a slow 

water flow through the capillary holes while the capillary is submerged in an etching 

solution. The process can be readily understood with a simple kinetic model that involves 

a concentration gradient extending radially from the center of the capillary as well as the 

respective etching rates of the glasses. The experimentally obtained focusing 

characteristics are not greatly influenced by the presence of the center hole and can be 

modeled using ray tracing with incoherent ballistic photons. By adjusting the etchant 

concentration and/or etching time the axicon angle can be controlled, which gives good 

control over the focusing properties of the capillary microaxicons. We note that 

simultaneous fabrication of high-quality axicons at the end of the same holey MSF would 
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be nearly impossible by mechanical (polishing) methods and would be considerably more 

complicated if charged particle milling is employed. 

We anticipate that axicon microlenses similar to those produced in this work will 

find applications as injector nozzles for mass spectrometry and even in multiple particle 

trapping. 
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Chapter 5  

Utilizing Differential Etching Rates of Doped-Glasses for the Design, 

Fabrication, and Application of Microstructured Fibers in Electrospray 

Ionization Mass Spectrometry (ESI-MS) and Beyond44 

 

5.1 Introduction 

Microstructured fibers (MSFs) are primarily renowned for their ability to propagate 

light with low attenuation over several kilometers of material and find direct applications 

in the optics and photonics industries such as telecommunications. The low light 

attenuation is a direct consequence of the periodic difference in refractive index imposed 

by a series of distinct air channels that run the length of the fiber. More recently, the 

nature of the “holey” cladding has led to the implementation of these materials as sensing 

platforms for various chemical, biochemical, and environmentally relevant analyses.1, 2 In 

many cases, commercially available MSFs can be directly utilized for different 

applications. In other instances, there is a need for custom microstructured fibers with 

specific air channel sizes, geometries, and patterns. A detailed description of MSF 

fabrication is presented in Section 1.6.3 as well as in the previous Chapter. Briefly, MSFs 

are typically fabricated in a stack-and-draw method wherein glass capillaries and rods are 

stacked inside a larger silica tube to form a macroscopic arrangement of the eventual 

fiber. The assembly (referred to as a preform) is drawn to form a fiber cane, which can 

then be drawn into a fiber with desired dimensions. Furthermore, various doped-silica 

                                                        
4 The ESI-MS portion of this chapter has been published in Scientific Reports 2016, 6, 21279 
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capillaries and rods can be incorporated into the fiber, which substantially alters the 

optical properties of the fiber and extends the possible applications in optics, photonics, 

sensing, and beyond. Boron (generating borosilicate) is a common dopant utilized in 

optical fibers for the development of polarization maintaining fibers.3-5 In such cases, two 

large doped regions exist on either side of a holey cladding to create “stress rods”. These 

stress rods introduce a systematic birefringence in the fiber’s core and offers many 

applications including the development of fiber-based interferometers.3-5  Aside from the 

altered optical properties, doped glass also typically offers differential etching rates 

compared to pure silica.6-8 These differences in etching rates can be exploited under 

various etchant conditions and have the potential to open the door to a new realm of 

applications for optical fibers.   

Wet chemical etching, predominantly by hydrofluoric acid (HF), is a frequently used 

method to remove silica in a predictable and precise fashion. In fact, HF etching is often 

utilized in the fabrication of optical fibers for controlling the outer diameter of silica-

based preforms. Boron, or borosilicate (B2O3), is an exemplary dopant that causes an 

increase in material etching rate when compared to pure silica (SiO2) in aqueous 

hydrofluoric acid.6, 9 For example, when a material that bears regions of fused silica glass 

and boron-doped glass is etched in HF, the increased rate of etching for the boron-doped 

regions results in these areas forming wells within the otherwise silica network.10 Initially 

proposed as a safer etchant (which is not entirely correct), ammonium bifluoride (ABF), 

is also a conventional glass etchant. In aqueous ABF solutions, the etching rate of silica 

and borosilicate are significantly reduced based on the concentration of active species in 

solution.6, 11-13 However, this reduction in etching rate is not uniform across both 
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materials and interestingly, the rate of borosilicate etching is reduced to a rate lower than 

that of silica. In literature, this drastic change in etching rate remains to be highly debated 

and the exact mechanism of etching with various etchants remains unknown.6, 7, 11, 14-16 

Furthermore, many of these studies were performed on thin glass films and the studies 

lack similarity to one another in the substrates and etchants that were employed, making 

direct comparisons difficult to ascertain.  

The ability imparted by the versatility in wet-etching combined with MSF fabrication 

offers the capability to generate precise microstructures on the facet of fibers. It is 

proposed that, through the appropriate placement of capillaries (channels) and boron-

doped regions, silica microstructured nozzles can be generated on the fiber facet. An 

application of utilizing this structural control is the development of multiplexed emitters 

for nano-electrospray ionization mass spectrometry (nano-ESI-MS). As discussed in 

Chapter 1, the effects of multiple electrospray (MES) impart a significant advantage in 

the analysis of ions, particularly for biological samples such as proteins.17 The benefit is 

significantly related to the dependence of the ionization process on solution flow rate. By 

means of decreased flow rates to nano-flow regimes, the charged droplets that are emitted 

from the electrospray Taylor cone become smaller and the efficiency of charge transfer to 

analyte molecules in solution improves.18 Traditional commercial emitters for these lower 

flow rates are fused-silica capillaries that have been pulled to a narrow, tapered exit in 

order to support stable cone-jet electrospray. However, these single-channel tapered 

emitters are limited in the range of flow rates and can be susceptible to clogging.  

To overcome flow rate limitations, a larger flow rate may be split into n single 

electrosprays, each one posing a much lower flow electrospray. The theoretical 
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relationship between electrospray current (Itotal) at a given flow rate and the electrospray 

current (Is) of the same flow split into n individual emitters has been found to follow 

equation 1.6,  meaning that the detection signal can be enhanced by a factor of n by 

having an emitter with n separate electrospraying nozzles. A variety of emitters have 

been developed using this approach19, including examples fabricated by microchip 

fabrication techniques, laser ablation, or simply assembling an array of common fused-

silica capillary-based emitters.20, 21 These emitters are typically large and do not couple 

well with traditional MS inlets22 or are complicated to fabricate23, 24 and in some cases 

both. Chapter 1 presents a more detailed investigation of these methodologies.  

The previous chapter in this thesis developed a model for the wet-chemical etching of 

a custom-designed MSF and was applied for the formation of microlenses at the fiber 

facet. In this work, a more extensive study was performed on the etching selectivity in 

two custom-designed silica MSFs. The first fiber is identical to that presented in the 

previous chapter and both are consisting of regions of boron-doped silica among fused 

silica glass, resulting in controllable three-dimensional topography. Etching rates in the 

absence and presence of a protective water flow are investigated towards a greater 

understanding of wet-chemical etching of fiber-based materials. This chapter focusses on 

the fabrication of the two aforementioned custom-MSFs and systematically studying the 

wet-chemical etching for the foundation of an eventual detailed model for predicting 3D 

topography. Furthermore, the initial fiber prototype is used to form an array of 

micronozzles on the facet of the fiber using protective-flow etching and applied as a 

novel ESI-MS emitter for signal enhancement.  
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5.2 Experimental 

5.2.1 Reagents and Materials 

Aqueous hydrofluoric acid (48 wt%) and ammonium hydrogen difluoride were 

purchased from Sigma-Aldrich. The first custom-designed fiber (9-channel fiber) was 

designed by individuals at Queen’s University (Dr. Rachel Fu, Dr. Graham Gibson, and 

Dr. Richard Oleschuk) and at the Centre d’optique, photonique, et laser (C.O.P.L.; Steeve 

Morency, Nicolas Grégoire, and Younes Messaddeq). The author and Steeve Morency 

primarily designed the second iteration (18-channel fiber) during a visiting research 

program at C.O.P.L. All preforms and fibers presented in this thesis were fabricated at 

C.O.P.L. in Quebec City, Québec.  

5.2.2 Fiber Fabrication 

All fibers were developed at C.O.P.L. at Université Laval. A photograph of the 

MCVD instrumentation and fiber-drawing tower are presented in Figure 5.1.  
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Figure 5.1: (A) and (B) Photographs showing the translating flame in the MCVD 

instrument utilized for implementing dopants into the preforms of optical fibers. (C) 

Shows a photograph of the fiber-drawing tower at COPL employed to fabricate the 

fibers presented in this chapter and (D) illustrates the top of the drawing tower 

where a preform is being drawn into a fiber cane.  
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5.2.3 Fiber Cleaving 

To cleave either fiber, a small section (< 50 cm) is initially cut from the spool 

using a ceramic cleaver and the acrylate jacket is removed. If it is desirable to remove the 

entire jacket, the fiber is exposed to dichloromethane (DCM). However, for site-specific 

jacket removal, it is best to utilize a thermal wire stripper to gently remove the jacket. 

Once the jacket is removed, the area is cleaned with a dry KimWipe™ to remove any 

debris and this is repeated for both ends of the fiber to facilitate precision cleaves at both 

ends. The fiber is cleaved with a Vytran LDC-400 with the settings presented in Table 

5.1 and a schematic of the overall cleaving process is provided in Figure 5.2 (vide infra). 

After cleaving, the facet of the fiber is quality-assessed under an optical microscope and 

the process is repeated if the cleave is inadequate.  

Table 5.1: Parameters utilized for the cleaving of both fibers studied in this chapter.  

Parameter Value 

Fiber Diameter 360 µm 

Cleave Tension 740 g 

Pre-cleave Advance 2477 

Fiber Holding Block Offset 00.00 mm 

Tension Velocity 60 

Cleave Peak Cycles 60 

Cleave Forward Steps 81 

Cleave Back Steps 80 

Scribe Delay 100 ms 
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Figure 5.2: Schematic diagram of acrylate jacket removal and cleaving process. Step 

1: removing the acrylate jacket in particular regions using a thermal wire stripper; 

Step 2: placing a PEEK fitting equipped with the appropriate sized FEP sleeve 

between the stripped regions; Step 3: cleave the fiber at both locations and move the 

PEEK fitting to the flow-end of the fiber; Step 4: inspect both cleaves and repeat 

process when necessary. 

5.2.4 Standard Etching Procedure 

For the basic etching protocol, a small fraction of the polyacrylate jacket was 

removed and the fiber was precision cleaved at one end and the ceramic cleaved on the 

opposite. The ceramic cleaved end was capped with a GC-septa. Compatible 3D-printed 
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manifolds hold the fiber and etchant solution in place such that the fiber rests directly 

perpendicular and at the desired depth in the etchant. The fiber remains in the etchant for 

the desired time and the manifold can be easily removed after the etching is complete. 

Following etching, the fiber is withdrawn from the etching solution and submerged in 

water for a minimum of 10 minutes to halt any etching and remove any remaining etchant 

from the tip of the fiber. The fiber is placed in clean and dry storage prior to additional 

imaging or MS characterization. 

5.2.5 Flow-Assisted Etching 

To initiate flow-assisted etching, the fiber is stripped and cleaved as described above. 

The fiber is coupled to a Waters NanoAcuity Ultra Performance LC (Binary Solvent 

Manager) via a 60 cm, 100 µm I.D, 360 µm O.D. fused silica capillary. The fiber is 

coupled to the capillary using PEEK fittings, a liquid-liquid union (360 µm I.D.), and 

appropriate FEP sleeves (IDEX). The utilization of the proper union is important such 

that capillary and the fiber are not butt-coupled. Lack of butt coupling introduces a 

required dead-volume between the capillary and the fiber and facilitates more uniform 

dispersion of liquid into the nine channels of the fiber.  

The fiber is initially flushed at higher flow rates (>1 µL/min) for a minimum of five 

minutes to ensure the capillary and dead volume are filled while also ensuring the 

removal of dust and debris that may exist in the system. Following the high-flow flush, 

the flow rate is reduced to the desired rate and left to equilibrate until stable pressures are 

observed. This typically requires 5-20 minutes depending on the length of the fiber. The 

flow rates and etching times employed are discussed in more detail throughout this 

chapter. Similar to the standard etching protocol, the fiber is mounted vertically and the 
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etching solution is translated on a z-stage until the fiber rests at the desired depth in the 

etchant. Post-etching, the fiber is transferred to water to quench further etching and is 

later sonicated in water or an organic solvent to clean the tip of debris if necessary. The 

etched fiber is cleaved to specific lengths for coupling to a mass spectrometer depending 

on the MS front-end configuration. Currently, most MS experiments are done on the 

Orbitrap Velos hybrid FT mass spectrometer (MS) and require an emitter length of 

approximately 6+ cm. The final emitter is examined under optical- or scanning electron 

microscopy to measure nozzle lengths and ensure a high-quality emitter.  

5.2.6 Scanning Electron Microscopy 

Scanning electron micrographs were taken (FEI Quanta 650 FEG ESEM) to 

characterize and measure components of the fiber profile. Samples were analyzed under 

low vacuum without the presence of a conductive coating. Under these conditions, 

samples remained adequate for MS experiments following SEM characterization. 

5.2.7 Online Electrospray Ionization Mass Spectrometry 

Emitters were tested online using a Thermo Scientific LTQ Orbitrap Velos hybrid 

FT mass spectrometer (MS) with a nanoelectrospray source. The fiber is connected (via a 

liquid junction) to a syringe pump, which delivered electrospray solution at a given flow 

rate, through a transferring capillary (360 µm O.D. and 75 µm I.D.). A photograph of the 

nanoelectrospray source and emitter coupling is shown in Figure 5.3. The voltage was set 

to 1.8 kV with a capillary temperature of 275 °C. The scans were in the FTMS, which 

was tuned at a resolution of 60,000 at 400 m/z. The automatic gain control time was set to 

500 ms or 1.0 × 106 ions over the 150–1200 m/z range. A 15 µm aperture tapered emitter 
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(PicoTip) was utilized at 300 nL min−1 and a 30 µm aperture tip at 900 nL min−1 

commensurate with manufacturer specifications for flow rate range.  

 

Figure 5.3: Photograph of the front-end and nanospray configuration on the 

Orbitrap mass spectrometer utilized for characterizing the fiber-based emitters. 

5.3 Results and Discussion 

5.3.1 9-Channel MES Fiber Fabrication and Characterization 

The initial prototype fiber to produce MES emitters was designed by past members of 

the Oleschuk Research Group, namely Dr. Graham Gibson, Dr. Yueqiao Fu, and Dr. 

Richard Oleschuk. A schematic illustration of the design appears in Figure 5.4. In this 

design, nine channels were arranged in a radial pattern equidistant to one another with 

regions of borosilicate glass (9 mol%) between them. The radial pattern of channels is 
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important to eliminate the effects of electrical shielding differences during the 

electrospray process. The preform of this fiber was developed by first fabricating three 

individual, “daughter preforms”. The first daughter preform was prepared using modified 

chemical vapor deposition (MCVD) to generate a large borosilicate core (~9 mol% B2O3) 

surrounded by a thin ring of silica. The thin silica ring is usually an inevitable 

consequence as the preform fabrication and MCVD process utilizes a silica tube as the 

starting material. The second preform involved the fabrication of a thick silica capillary 

while the third preform also involved MCVD in generating borosilicate filler rods. Each 

of the preforms was drawn to a fiber cane and cut into smaller pieces, which were then 

stacked into the “mother preform”. The borosilicate filler preform was drawn to canes of 

two sizes to fill the large and small voids in the preform. In this way, preforms two and 

three are carefully stacked around preform one inside a larger silica tube to generate the 

final, mother preform. This preform is then drawn into a fiber cane and subsequently 

drawn into a 360 µm O.D. fiber with an 85 µm-thick polyacrylate jacket. During the 

drawing procedure, the borosilicate melts at a lower temperature than the pure silica and 

thus fills the small voids to create a solid glass fiber. Figure 5.4 shows a schematic 

diagram, photograph, optical-, and SEM micrograph of the resulting preform and fiber. 

The dimensions of this fiber are expressed in Table 5.2. 
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Figure 5.4: (A) Schematic diagram and (B) photograph of the designed preform. (C) 

Optical micrograph and (D) scanning electron micrograph of the developed fiber 

containing specific regions of borosilicate and pure silica glass. Scale bar = 100 µm. 
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Table 5.2: Overview of the dimensions of the final fiber presented in Figure 5.4. All 

dimensions were measured using scanning electron microscopy software. Error 

represents the standard deviation of three separate measurements. 

Dimension Measurement 

Overall Diameter 518.6 ± 1.2 µm 

Fiber Diameter 358.1 ± 1.2 µm 

Outer Silica Ring Thickness 19.5 ± 0.2 µm 

Borosilicate Core Diameter 199.3 ± 0.6 µm 

Inner Silica Ring Thickness 17.6 ± 0.1 µm 

Channel Diameter 10.0 ± 0.2 µm 

Channel Edge to Fiber 
Periphery 35.5 µm ± 0.3 µm 

 

The chemical composition of the fiber was also probed (CAMECA Microprobe 

SX-100) and the results of this analysis are shown in Figure 5.5. Separate scans were 

performed to interrogate the core and the filler regions separately and it can be observed 

that each of these B2O3 regions have a boron concentration of approximately 9 mol% 

while the silica portions of the fiber are pure SiO2. It can also be realized that this change 

in chemical composition is step-wise (i.e. the change in concentration occurs immediately 

at the boundary of the two materials). 
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Figure 5.5: B2O3 and SiO2 compositional analysis of (A) the borosilicate core and 

surrounding silica ring and (B) the borosilicate filler regions at the periphery of the 

fiber. The scanning electron micrograph on the right shows the scanning paths for 

the composition profiles presented in A and B.  

5.3.2 9-Channel Etching Characterization 

During the etching process, the entire facet of the fiber is undergoing concurrent 

3-dimensional etching and as a result, prominent etching is observed in the lateral (x and 

y) and vertical (z) directions. This 3-dimensional etching of each area of the fiber affords 

a complex series of etching events that define the final topography of the fiber. As the 

fiber is etched in HF, all of the pure silica regions are etched at the same rate over the 
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facet of the fiber, while the borosilicate regions are etched more rapidly and will occupy a 

deeper plane. The silica features, such as the thin rim surrounding the borosilicate core 

and the rim at the periphery of the fiber, are also etched laterally as etchant is able to 

access the sides of these features after the surrounding borosilicate is removed. As 

etching progresses, lateral etching causes rapid growth of channel diameters until it 

eventually removes all the silica elements at the periphery of the MSF. At this point, 

channels are no longer enclosed and a hole forms in the side of the fiber. Figure 5.6 and 

5.7 show scanning electron micrographs of the fiber etched by hydrofluoric acid as 

etching time is increased. 

 

Figure 5.6: Scanning electron micrographs of the face of the fibers etched by 

hydrofluoric acid for (A) 10 seconds, (B) 30 seconds, (C) 1 minute, (D) 5 minutes, (E) 

10 minutes and (F) 15 minutes. Scale bars are 100 µm.  
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Figure 5.7: Scanning electron micrographs of fibers etched in hydrofluoric acid for 

(A) 10 seconds, (B) 30 seconds, (C) 1 minute, (D) 5 minutes, (E) 10 minutes and (F) 

15 minutes commensurate with those presented in the previous figure. All fibers 

were tilted at 14° to facilitate imaging of the outer wall of the fiber. Scale bars are 

100 µm  

It is clear from Figure 5.6 and Figure 5.7 that the channel I.D. rapidly increases 

while the fiber O.D. is reduced as etching time increases. Understanding the rate at which 

the channels “open” in tandem with the etching rates of the core and outer diameter helps 

define specific etching conditions, wherein the outer fiber wall will maintain its integrity. 

The original dimensions of the fiber, prior to etching, are presented in Table 5.2 and the 

post-etching dimensions were measured using the micrographs shown in figure 5.6 and 

are plotted in Figure 5.8. By measuring the channel and fiber radii at various etching 
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times, individual and combinatory etching rates can be calculated or extrapolated as the 

slope from Figure 5.8. In this case, the radius of the channel is etched (or opened) at a 

rate of 1.52 µm min-1 and the outer radius of the fiber is reduced at a rate of 1.81 µm min-

1. At first thought, it was expected that, because the removal of fused silica is being 

analyzed in both cases that these etching rates should be more similar. However, as the 

channel diameter increases, the rate of diffusion of etchant into these channels also 

increases. This creates a “parasitic” type etching mechanism and explains the higher rate 

of silica dissociation at the channel wall compared to the outer wall of the fiber.  

 

Figure 5.8: Channel radius and fiber radius plotted as a function of etching time in 

hydrofluoric acid. The slope of the line defines the etching rate of the corresponding 

material. The red hatched area represents the time at which the silica loses its 

integrity at the periphery. Error bars represent the standard deviation of three 

separate measurements. 
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The sum of these two rates gives way to the rate at which the channel and the 

outer diameter of the fiber approach each other and will define the time at which the 

etching events will meet. From Table 5.2, the initial distance between the outer edge of 

the channel and the periphery of the fiber is ~35 µm and therefore at the combined rate of 

3.33 µm min-1, there will exist an infinitely thin layer of silica after approximately 10 

minutes and 43 seconds of etching. Consequently, any etching times should not exceed 

this for applications in which the integrity of the O.D. is required. Similar measurements 

and calculations can be performed for the core of the fiber and compared to that of the 

channels, where the lateral etching rate of the core will eventually result in a hole at the 

inner portion of the fiber. However, from the image in Figures 5.6 and 5.7, it is clear that 

the outer ring breaches the channel prior to the core and the channels colliding. This is 

likely because the core must undergo vertical etching to expose the inner silica ring prior 

to any lateral etching resulting in a reduced rate.   

Studying the absolute vertical etching rates is more difficult compared to the 

lateral etching rates as the initial length of the fiber cannot be determined under the 

current imaging techniques. However, relative etching rates can be probed by measuring 

the distance between adjacent fused silica- and borosilicate regions. In this way, the rate 

of change in the distance between the borosilicate and fused silica regions over various 

etching times was considered to be the relative vertical etching rate. It can be realized 

then, that any positive rate indicates a faster rate of borosilicate etching while any 

negative rate indicates a slower rate for borosilicate compared to fused silica. In this 

fiber, the fused silica “encases” the borosilicate regions and thus the depths of the 

borosilicate regions are difficult to ascertain via conventional microscopy measurements. 
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Mounting the fiber on an angle in the SEM imposes parallax and thus the depths could 

not be directly measured on the SEM. However, the focal points of the image in tandem 

with precise movement of the fiber in the z direction can be utilized to characterize the 

depth of “wells” or raised plateaus in the middle of the fiber. With various depths at 

different etching times, the relative vertical etching rate of the borosilicate regions 

compared to pure silica areas in HF was measured to be approximately 4.1 µm min-1.   

HF etching presents a very rapid method of etching wherein dopants such as 

boron into the silicate network generate more rapid material corrosion. Ammonium 

bifluoride and buffered oxide etchants offer an interesting difference in etching rates 

compared to hydrofluoric acid. In the case of AF and BOE, the etching rate of pure 

silicate glass and borosilicate glass are considerably reduced. However, this reduction in 

etching rates is not consistent with both materials and interestingly, under appropriate 

conditions, the etching rate of fused silica becomes greater than that of borosilicate glass. 

In this case, any borosilicate regions in the fiber will become raised plateaus in 

comparison to the fused silica regions, which become valley structures or wells in the 

fiber. A schematic comparing the etchants and material composition is shown in Figure 

5.9.   
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Figure 5.9: Schematic representations of the differential etching rates observed for 

fused silica and borosilicate glass under HF and ABF etching conditions. HF etching 

results in the borosilicate regions receding into the glass while ABF results in the 

silica regions receding into the glass and the borosilicate forming raised structures.  

The difference in etching rate is highly dependent on the concentration of dopant 

in the silica network7, 8, 12, 13, 16. Although many of these studies have been done on thin 

films and there has not been a direct study of how these differential etching rates can 

predict, and form structures at the facet of microstructured fibers. Here, the same 9-

channel fiber that was HF-etched was etched in a 20 wt% solution of aqueous ammonium 

bifluoride and scanning electron micrograph composites are presented in Figure 5.10 and 

5.11 showing the resulting etching profiles over increasing etching times. Tilting of the 

fiber in the appropriate fashion facilitates images such as those in Figure 5.12 wherein the 

raised borosilicate regions are easily visualized and characterized.    
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Figure 5.10: Scanning electron micrographs of the face of the fibers etched in 

ammonium bifluoride for (A) 5 minutes, (B) 10 minutes, (C) 30 minutes, (D) 60 

minutes, (E) 90 minutes and (F) 180 minutes. Scale bars are 100 µm. 
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Figure 5.11: Scanning electron micrographs of fibers etched in ammonium 

bifluoride for (A) 5 minutes, (B) 10 minutes, (C) 30 minutes, (D) 60 minutes, (E) 90 

minutes and (F) 180 minutes. All fibers were tilted at 14° to facilitate imaging of the 

outer wall of the fiber. Scale bars are 100 µm. 
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Figure 5.12: Scanning electron micrographs of the custom 9-channel MSF etched in 

ammonium bifluoride for 90 minutes where the (A) entire fiber profile (Scale bar = 

100 µm), (B) side-view (Scale bar = 20 µm), and (C) top-view of the raised 

borosilicate regions (Scale bar = 15 µm). In this case, the borosilicate regions 

protrude approximately 10 µm from the silica.  

Identical calculations to those performed on the HF-based system were carried out 

to evaluate the separate and combinatory etching rates of the outer radius of the fiber and 

the radius of the channels within. The etching rate of the channel and fiber radii are 0.14 

µm min-1 and 0.16 µm min-1 respectively for a combinatory etching rate of 0.30 µm min-1, 

which is approximately 11 times slower than that of HF (3.33 µm min-1). In other words, 

for the channel to reach the periphery of the fiber, it would take approximately 11 

minutes in HF or 115 minutes in ABF. The relative vertical etching rate was also probed 

using an identical technique to that performed for the HF-based system. In ABF, the 
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relative etching rate of borosilicate to pure silica was approximately –0.14 µm min-1 

compared to + 4.10 µm min-1 under HF conditions.  

 

Figure 5.13: Channel and fiber radius plotted as a function of etching time in 

aqueous ammonium bifluoride. The slope of the line defines the etching rate of the 

corresponding material. The red hatched area represents the time at which the silica 

loses its integrity at the periphery. Error bars represent the standard deviation of 

three separate measurements. 

 The etching of the custom 9-channel fiber offered an enhanced understanding of 

the etching events taking place at the facet. It is expected that the use of ABF and HF 

could promote the formation of a lock-and-key coupling mechanism wherein alignment 

and fusion should be more facile and accurate. However, for electrospray applications, 

the channel outlet needs to remain small and protrude from the facet to promote more 

efficient electrospray. To prevent the etchant from entering the channels and causing 



 

199 

 

significant growth in channel diameter, water was flowed through the channels from the 

opposite end at a series of linear velocities beyond that of the diffusion of HF into the 

channels.25 Ultimately, this approach will dilute the etchant near the tip surface; however, 

this dilution is made negligible using lower flow rates. Volumetric flow rates between 54 

nL min-1 and 90 nL min-1 were flowed through the fiber following the schematic in 

Figure 5.14 and tested for their effect on nozzle length and fiber profile. Said flow rates 

split into nine channels, each 10 µm in diameter, leading to volumetric flow rates of 6, 8, 

and 10 nL min-1 channel-1 and corresponding linear flow velocities in the range of 7.64 – 

12.73 cm min-1. At a volumetric flow rate of 90 nL min-1
, the dilution of the etchant is 

less than 0.02% in 1 mL of etchant after 20 minutes of flow. The lateral etching rate of 

the fiber outer diameter (in the absence of water flow) provided upper limits of etching 

times that should be analyzed for nozzle formation. In HF, the outer radius of the fiber 

etches at a rate of 1.8 µm min-1 and the channel is spaced ~35 µm from the edge of the 

fiber. Therefore, it can be understood that etching times greater than ~19 minutes will 

likely result in the channel being etched. The limited dilution of the etchant at the channel 

outlet should slightly increase this time and so 25 minutes was typically the maximum 

etching time investigated. Furthermore, while the etchant is diluted at the nozzle tip, the 

fiber will remain exposed to concentrated HF “upstream” from the tip of the nozzle and 

lateral etching inward may breach the channel here. This results in the etching of the 

channel at etching times close to 20 minutes as shown in the SEM images later in this 

chapter. While it has not been systematically tested, there have been cases where etching 

times near this limit produce sidewalls sufficiently thin that applying pressure (in the 

form of liquid flow) cause the sidewall to burst during electrospray experiments. 
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Figure 5.14: Schematic diagram for the flow-assisted etching procedure using a 

nano-HPLC system coupled to the desired fiber via a liquid junction.  

By introducing water-flow through the fiber, the channel diameter is maintained 

throughout the etching process and thus the lateral etching rate of the channel is 

effectively null (prior to the destruction of the sidewall). The diffusion of the water 

emitted from the channel causes an increase in etching rate at greater distances from the 

silica capillary and a nozzle structure is realized. As previously mentioned and shown, 

the 9-channel fiber has a step-wise change in chemical composition from fused silica to 9 

mol% B2O3-doped silica. As such, the addition of water-flow significantly reduces the 

rate of silica corrosion while only minimally reducing the etching rate of B2O3, which is 
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already much faster than the silica. The etching time for MSFs immersed in HF etchant 

was optimized for nozzle shape and protrusion length at various flow rates. Etching times 

of 15, 17.5, 20, 22.5, and 25 minutes were performed at three separate flow rates (54, 72, 

and 90 nL min-1). In all cases, the nozzle length increased with etching time and in most 

cases nozzle length increased with a decrease in volumetric flow rate. The increased 

nozzle length occurred until the channel began to etch away at which point the nozzle 

integrity rapidly decreased in a similar “parasitic” fashion as the no-flow analogs. Figures 

5.15 to 5.17 show the emitter profiles as a function of volumetric flow rate and etching 

time. At 54 nL min-1
, a thin hole can be noticed along the capillary wall at an etching time 

of 20 minutes, while the channel integrity remains at the outlet. This is a direct result of 

the lack of dilution “up-stream” compared to at the channel outlet, which was discussed 

previously.  

 

Figure 5.15: Scanning electron micrographs of the 9-channel fiber etched in 

hydrofluoric acid for (A) 15 minutes, (B) 17.5 minutes and (C) 20 minutes with 54 

nL min-1 volumetric flow rate of water through the fiber. Scale bars = 100 µm. 
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Figure 5.16: Scanning electron micrographs of the 9-channel fiber etched in 

hydrofluoric acid for (A) 15 minutes, (B) 17.5 minutes and (C) 20 minutes with 72 

nL min-1 volumetric flow rate of water through the fiber. Scale bars = 100 µm. 

 

Figure 5.17: Scanning electron micrographs of the 9-channel fiber etched in 

hydrofluoric acid for (A) 15 minutes, (B) 17.5 minutes and (C) 20 minutes with 90 

nL min-1 volumetric flow rate of water through the fiber. Scale bars = 100 µm. 
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Figure 5.18: Nozzle length as a function of etching time for (●) 54 nL min-1, (▲) 72 

min-1, and (■) 90 nL min-1 volumetric flow rates.  

The nozzle length (Figure 5.18) can also be used to probe the differential etching 

rates imposed from the flow of water through the channels of the fiber. The tip of the 

channel remains unetched and can be considered the starting point of the etch. The nozzle 

length provides the absolute etching rate of the borosilicate regions, which appears to 

follow a logarithmic fit. Additional characterization should be performed to validate this 

further.  The distance from the tip of the channel to the inner silica ring gives the 

corresponding etching rate of the silica ring between adjacent capillaries and also 

provides an indication of how the liquid is emitted from the channel. As shown in the 

SEM images of Figures 5.15 to 5.17, the inner silica ring occupies a lower plane than the 

tip of the channel and the absolute etching rate of this inner ring was found to be flow 
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rate dependent. For example, at 90 nL min-1
, the etching rate of the inner silica ring is 

3.06 µm min-1 compared to 1.65 µm min-1 at 72 nL min-1. It is proposed that the slower 

flow rate allows for a wider diffusion pattern due to the decrease in linear flow velocity, 

while at higher flow rates and linear flow velocities, the liquid is emitted in a much 

narrower pattern with less lateral diffusion. Extensive simulations will be carried out to 

characterize further and develop a model for such dynamics.  

In previous reports, MSF-based MES emitters required the application of a 

hydrophobic moiety on the facet of the fiber to promote stable Taylor cone formation. In 

this work, the fabrication was optimized such that the sharp profile mitigated the need for 

a hydrophobic coating and stable electrospray could be realized directly after drying the 

produced emitter. Emitters fabricated at a flow rate of 90 nL min-1 and an etching time of 

17.5 minutes presented a reproducible and robust fiber profile. Electrospray current 

measurements were evaluated while visually monitoring the tip to ensure the electrospray 

maintained a stable cone-jet at all nozzles. Nine individual electrosprays were observed 

for applied voltages of 2.2–3.4 kV (at 0.3 µ L min−1), and for total flow rates from 100 

nL min−1 to 3.0 µ L min−1 (at 2.8 kV). In addition to spray current (data previously 

reported by Fu et al.10), the intensities of individual analyte ions can be monitored to 

examine the enhancement afforded by a multispray emitter. Two model peptides, which 

are representative of proteomic analytes (angiotensin and bradykinin; monitored for the 

ions (M+2H+)2+ = 523.77, (M++3H+)3+ = 349.52 and (M+2H+)2+ = 530.79, (M+3H+)3+ = 

354.19 respectively) showed a significant ion count enhancement when using the MES 

emitter. Figure 5.19 shows the ion counts obtained by infusing a 10 µ M solution of each 

peptide at two flow rates 300 and 900 nL min−1.  
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Figure 5.19: Signal enhancement observed for the MES emitter compared to a 

single tapered emitter at two flow rates (300 and 900 nL/min) for an angiotensin and 

bradykinin sample.10 

The MES emitter produces a signal enhancement compared to a conventional 

single tapered fused silica emitter for each of the analytes and charge states, at each of the 

flow rates tested. The improvement for the lower charge state ions (i.e. (M+2H+)2+) was 

limited for angiotensin and higher for bradykinin with relative increases in ion counts per 

second of 1.16 and 3.72 respectively. However, the signal enhancement for the higher 

charge state ions (i.e. (M+3H+)3+) for both peptides showed a substantial increase of 16 

and 35 times signal enhancement compared to the current research standard. The 

multinozzle MSF designed and fabricated in this work was thus demonstrated to be an 
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effective MES emitter, useful for enhancing the ion signal of analyses using electrospray, 

particularly ESI-MS. This approach offers an elegant and versatile way of solving a 

complicated fabrication problem, especially for LC/MS for which it can be used as a 

MES emitter having full dimensional compatibility with conventional LC and MS 

equipment. Although the custom doped fiber was applied to the fabrication of MES 

emitters in this work, the methodology is applicable not only to other electrospray 

applications but to any instance where microstructure at the fiber facet is critical (e.g. 

optical coupling or lensing). 

5.3.3 18-Channel Fiber Fabrication and Characterization 

The 9-channel fiber was developed in a conservative fashion to increase the 

chance for successful MES emitter fabrication. While the 9-channel emitter was very 

successful, the development of a new fiber could push the limits of fabrication and 

further develop the MES emitter technology. As such, a fiber design with 18 channels 

was developed by the author and built by Nicolas Grégoire and Steeve Morency at 

Université Laval. The design of the fiber is similar to that of the 9-channel wherein 18 

capillaries are arranged in a radial pattern around a borosilicate core and borosilicate 

fillers. In this design, the borosilicate core and fillers were suggested to be at least 10 

mol% or higher, if possible. Increased borosilicate concentration is advantageous for the 

formation of sharper and longer nozzles at reduced etching times. Furthermore, to 

generate more conical nozzles, which are expected to promote more stable cone-jet 

spraying regimes, it was proposed that the 18 capillaries should not be uniform in 

material composition as they are in the 9-channel design. Instead, it was proposed that 

there should be an increasing borosilicate concentration from the edge of the channel to 
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the periphery of the capillary to facilitate the formation of a conical structure. It was 

suggested that this concentration gradient should start from pure fused silica to a [B2O3] 

comparable to the filler regions (i.e. as high as possible) at the capillary periphery to 

promote the formation of sharp nozzles with large protrusion lengths. This design 

presents a more challenging fabrication scheme but has the reward of a possible further 

enhancement in ESI-MS sensitivity while reducing emitter preparation times. To develop 

this fiber there were three “daughter” preforms stacked into a mother preform. The three 

daughter preforms were built using the MCVD process to form the borosilicate core, 

borosilicate filler regions, and the gradient-based borosilicate capillaries. Figure 5.20 

shows a schematic and photograph of the designed and developed preform and is 

accompanied by corresponding optical and scanning electron micrographs. Table 5.3 

outlines the exact dimensions of this fiber. 
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Figure 5.20: (A) Schematic diagram and (B) photograph of the designed preform. 

(C) Optical micrograph and (D) scanning electron micrograph of the developed 

fiber. Scale bar = 100 µm. 
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Table 5.3: Overview of the dimensions of the final fiber presented in Figure 1.20. All 

dimensions were measured using scanning electron microscopy techniques. Error 

represents the standard deviation of three separate measurements. 

Dimension Measurement 

Overall Diameter 520.4 ± 1.4 µm 

Fiber Diameter 365.8 ± 1.1 µm 

Outer Silica Ring Thickness 33.5 µm ± 1.5 µm 

Borosilicate Core Diameter 188.2 ± 0.7 µm 

Inner Silica Ring Thickness 12.1 ± 0.6 µm 

Channel Diameter 3.6 ± 1.2 µm 

Channel Edge to Fiber Periphery 52.9 ± 1.4 µm 

 

As with the 9-channel fiber, the chemical composition of the 18-channel fiber was 

also analyzed. The results of such analysis are shown in Figure 5.21. Scans were 

performed to interrogate the core and the capillary regions separately and it was realized 

after this analysis that several of the design elements did not make it into the final fiber. 

The first error in the fabrication comes from the concentration of boron in the core and 

capillary regions where it is observed from scan A that the borosilicate concentration 

remains below 10 mol%. Scan B shows the successful formation of a borosilicate 

gradient of approximately 0.5 mol% per µm. More importantly, it is observed from scan 
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B that there exist a large silica region at the inner portion of the capillary and the boron 

gradient only reaches a concentration of ~4.5 mol%. From the etching intuition gained in 

the previous sections, this should result in a more shallow and less desirable etching 

profile. 

 

Figure 5.21: B2O3 and SiO2 compositional analysis of (A) the borosilicate core and 

surrounding silica ring and (B) the borosilicate gradient capillary at the periphery 

of the fiber. The scanning electron micrograph on the right shows the scanning 

paths for the composition profiles presented in A and B. 
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5.3.4 18-Channel Etching Characterization 

Identical etching experiments were performed using the 18-channel fiber wherein 

HF and ABF were employed as etchants in the absence of protective water flow. The 18-

channel fiber has an outer silica ring that is approximately 30% thicker than that of the 9-

channel fiber and should, therefore, result in longer etching times before the channel 

meets the periphery of the fiber. Figures 5.22 and 5.23 show the evolution of the fiber 

facet as it is etched over time and it is apparent that the channel meets the periphery 

shortly after 10 minutes of etching.   

 

Figure 5.22: Scanning electron micrographs of the face of the fibers etched in 

hydrofluoric acid for (A) 10 seconds, (B) 30 seconds, (C) 1 minute, (D) 5 minutes, (E) 

10 minutes and (F) 20 minutes. Scale bars are 100 µm. 
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Figure 5.23: Scanning electron micrographs of fibers etched in hydrofluoric acid for 

(A) 10 seconds, (B) 30 seconds, (C) 1 minute, (D) 5 minutes, (E) 10 minutes and (F) 

20 minutes commensurate with those presented in the previous figure. All fibers 

were tilted at 14° to facilitate imaging of the outer wall of the fiber. Scale bars are 

100 µm. 

Etching-rate plots (Figure 5.24) can be generated to calculate exact etching rates 

in an attempt to define the etching limits in an identical fashion to the 9-channel analog. 

In this case, the lateral etching rate of the channel is 1.98 µm min-1 while the outer 

diameter etches at a rate of 1.92 µm min-1. The rate of channel growth is ~33% greater for 

the 18-channel fiber compared to the 9-channel and this is due to the proximity of 

borosilicate glass to the channel wall. The etching rates of the outer fiber diameters 

should be identical for the 9- and 18-channel fibers as the etching kinetics should also be 
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identical for materials with the same chemical composition in a standard etchant and 

concentration. In this case, the etching rates of the outer fiber diameter are within 10% of 

each other which is likely commensurate within the error of the measurement. 

 

Figure 5.24: Channel radius and fiber radius plotted as a function of etching time in 

hydrofluoric acid. The slope of the line defines the etching rate of the corresponding 

material and the red hatched area represents the time at which the channel loses its 

integrity at the periphery. Error bars represent the standard deviation of three 

separate measurements. 

 Analogous to the 9-channel fiber, ammonium bifluoride employed as an etchant 

results in significant decrease in etching rates wherein the etching rate of the channel 

radius is reduced to 0.10 µm min-1 and the fiber radius is etched at 0.15 µm min-1. In this 

case, the etching rate of the fiber radius is nearly identical to that obtained for the 9-

channel fiber. SEM compilations and the etching rate plots for ABF are shown in Figures 
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5.25 and 5.26. Table 5.4 compares the etching rates obtained for HF and ABF for the 

both fibers.  

 

 

Figure 5.25: Scanning electron micrographs of the face of the fibers etched in 

ammonium bifluoride for (A) 10 minutes, (B) 30 minutes, (C) 60 minutes, (D) 90 

minutes, (E) 120 minutes and (F) 150 minutes. Scale bars are 100 µm. 
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Figure 5.26: Scanning electron micrographs of fibers etched in ammonium 

bifluoride for (A) 10 minutes, (B) 30 minutes, (C) 60 minutes, (D) 90 minutes, (E) 

120 minutes and (F) 150 minutes. All fibers were tilted at 14° to facilitate imaging of 

the outer wall of the fiber. Scale bars are 100 µm. 
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Figure 5.27: Channel radius and fiber radius plotted as a function of etching time in 

ammonium bifluoride. The slope of the line defines the etching rate of the 

corresponding material and the red hatched area represents the time at which the 

channel loses its integrity at the periphery. Error bars represent the standard 

deviation of three separate measurements. 

Table 5.4: Summary of etching rates (µm min-1) for HF etching of 9- and 18-channel 

custom fibers 

9-Channel 18-Channel 

Fiber Radius Channel 
Radius Fiber Radius Channel 

Radius 

-1.81 1.52 -1.92 1.98 
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Table 5.5: Summary of etching rates (µm min-1) for ABF etching of 9- and 18-

channel custom fibers 

9-Channel 18-Channel 

Fiber Radius Channel 
Radius Fiber Radius Channel 

Radius 

-0.16 0.15 -0.15 0.098 

 

 The 18-channel fiber has also been briefly investigated under flow-protected 

etching (Figure 5.28), however; the relative standard deviation of channel diameter 

presents a burden for uniform etching. At such small channel sizes, any deviation causes 

a significant change in linear flow velocity and consequently, the etching dynamics and 

kinetics are largely different across the fiber. These differences in kinetics cause the 

formation of nozzles with different shapes, lengths, and in some cases lack of nozzle 

formation if the channel size is sufficiently small. To mitigate this, a section along the 

entire length of the fiber should be used where the channel deviation is lowest. Below is a 

SEM micrograph of the 18-channel fiber etched for 17.5 minutes at a volumetric flow 

rate of 126 nL min-1 (7 nL min-1 per channel). MES experiments on such emitters are 

ongoing and will be presented in future publications. 
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Figure 5.28: Custom 18-Channel microstructured fiber etched for 17.5 minutes in 

hydrofluoric acid with a total volumetric flow rate of 126 nL min-1. Scale bar is 100 

µm. 

5.4 Conclusions 

This chapter has presented significant etching data on the wet-etching of two 

custom microstructured fibers in two common etchants. It is believed that from the results 

presented in this chapter and future simulations, that an accurate model of HF and ABF 

etching of custom designed fibers can be developed. One can imagine the forming of a 

universal model wherein the structures resulting from etching could be predicted and thus 

the fiber design process can be made much more efficient and carried in a top-down 

fashion. Etched fibers and emitters find various applications including that of nano-ESI 

emitters and microlensing presented within this thesis. 
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Chapter 6 

Conclusions and Outlook 

 This thesis has explored a vast area of research including several different aspects 

of materials and analytical science. The common goal of this thesis was towards 

developing new technologies that can be implemented into pre-existing instrumentation 

or can serve as a stand-alone device for rapid analyses. In both cases, an emphasis was 

placed on developing materials and devices that could increase or rival the sensitivity and 

overall functionality of pre-existing technology. In most cases, additional importance was 

applied to developing miniaturized devices using less cumbersome fabrication techniques 

to promote a more cost-effective route to new technology. The majority of the project 

goals have been met; however, there are many avenues that the work presented may 

follow for future developments. The main conclusions of each chapter are discussed 

below with a brief discussion of potential future work that could be brought to fruition 

using the fruitful mind and skills of a young ambitious chemist.  

6.1 Templated Polymer Synthesis 

In chapter 2 of this thesis, a new method for developing porous polymer materials 

within the bore(s) of capillary and microstructured fiber templates is presented. A 

comprehensive study of reaction conditions and template size/functionality was 

performed to examine their effects on the resulting morphology of the polymeric 

material. Tubular structures were formed when employing smaller bore templates, lower 

reaction temperatures, and a solvent with low solubility for the forming polymer. In 

addition to this, the thickness of the polymer tube can be controlled by performing 
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sequential polymerizations within the same template to form “tubeception” wherein 

various materials can be utilized to form multi-material concentric tubes. As the chapter 

concludes, there is an opportunity for further functionalizing these materials using 

polymeric species that have reactive groups at the material surface. In this way, reactive 

groups such as epoxides can be employed to perform various ring-opening 

functionalization. It is shown later in Chapter 2 that this process can be utilized to 

functionalize the surface with an amine group followed by ligand exchange to promote 

AgNP coverage on the polymer surface.  

Functionalization with silver nanoparticles has only been very briefly investigated 

and significant future work could be carried out for the development of AgNP-polymer – 

based sensors. Each step in this process could be optimized via systematic studies of 

reaction conditions to promote the greatest surface coverage of amine groups and 

consequently AgNPs. A particularly interesting study would involve functionalization of 

polymer tubes and polymer monoliths with particles homogenous in shape and size to 

understand how surface area affects Raman signals and sensing capability. An exciting 

advancement of this study would be to examine the effects of particle shape (spherical, 

decahedral, cages, etc.) and size on overall sensing performance toward the development 

of a more reliable, sensitive, and robust sensory platform.  

Finally, a brief study and minimal results were shown on the application of PPM 

formation to the development of superhydrophobic materials. Future work on this project 

will investigate microfluidic unit operations on these surfaces as well as developing 

planar sensing platforms for various applications.  
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6.2 Superhydrophobic/Hydrophilic Patterned Arrays 

In Chapter 3, a new method for the fabrication of surfaces with patterned 

wettability was presented. In this work, laser ablation was employed for developing 

circular hydrophilic patches in an otherwise superhydrophobic environment. Extensive 

G-code programs were written and executed to examine the effects of varying laser 

milling conditions such as laser fluence, writing speed, and pitch on the physical 

properties of the patch. Furthermore, the patches were employed as a substrate for the 

spontaneous and accurate deposition of sub-µL volumes, where the deposited volume is 

directly proportional to laser fluence and patch diameter. The accurate deposition of 

small volumes, 3D printing, and fluorescence spectroscopy are used in a synergistic 

system to detect the concentration of halide salt quenchers in a rapid fashion. Here, a 

Stern-Volmer calibration curve, and thus quenching constant, can be calculated in less 

than a minute with less than 5 µL of quencher. 

The work presented on using the small volume deposition for fluorescence 

spectroscopy is meant to be a starting point or a basic, example application of what these 

materials and devices can be used for. It is a hope that the pioneering study presented in 

this thesis is widely applied to other applications within our research group and beyond 

for high-throughput, highly sensitive, and cost effective analyses. Several of these 

possible applications and projects have already been initiated within our research group 

using patches joined with hydrophilic “roadways” for the spontaneous delivery of liquids 

between patches based on droplet volume. Additional work is currently being done on 

using a high-density array of small patches to image biological samples such as brain 

tissue samples via MALDI-MS. The opportunities surrounding this project are very 
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exciting and the work presented in this thesis provides the fundamental research required 

to further develop this technology for other applications. 

6.3 HF Etching of Custom-designed Microstructured Optical Fibers 

Chapters 4 and 5 investigated the wet-chemical etching of custom-designed 

microstructured fibers. Previous reports on the initial custom fiber had failed to explain 

the fiber fabrication in detail and the MS emitters developed in this report required the 

application of a hydrophobic moiety to promote electrospray. Chapter 4 studied the HF 

etching kinetics in the presence of water flow in some detail. Here, an alternative 

application in optics was also presented, wherein the microstructured nozzles were 

employed as a lensing element at the facet of the microstructured fiber and studied from 

both theoretical and experimental aspect.  Chapter 5 investigated, more carefully, the 

effects of etchant composition, the presence or absence of protective water flow, fiber 

composition, and etching times on the topography at the facet of the fiber through wet-

chemical etching. In said chapter, the fabrication of two custom-designed fibers was 

investigated in detail and a more comprehensive study of etching rates was reported. 

Furthermore, by understanding the etching rates, the parameters for MS-emitter 

fabrication were optimized to mitigate the requirement for a hydrophobic coating for MS 

applications.  

The future work on this project will look to combine the work presented in each 

of Chapters 4 and 5 towards a more comprehensive model of wet-chemical etching of 

microstructured fibers. Furthermore, it is proposed that ESI-MS can be pushed beyond its 

current limits by using a synergistic effect of focusing light at the emitter tip (to promote 

desolvation) in tandem with the enhanced sensitivity from multiple electrosprays. 


