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ABSTRACT 

 
 
 

MICROCHIP LIQUID CHROMATOGRAPHY AND CAPILLARY 
ELECTROPHORESIS SEPARATIONS IN MULTILAYER 

MICRODEVICES 
 
 
 

Hernan V. Fuentes 
Department of Chemistry and Biochemistry 

 
Doctor of Philosophy 

 
 

In this dissertation, several microfabricated devices are introduced to develop new 

applications in the area of chemical analysis. Electrochemical micropumps, chip-based 

liquid chromatography systems and multilayer capillary electrophoresis microdevices 

with crossover channels were fabricated using various substrates such as 

poly(dimethylsiloxane) (PDMS), glass, and poly(methyl methacrylate) (PMMA). 

 

I have demonstrated pressure-driven pumping of liquids in microfabricated channels 

using electrochemical actuation. PDMS-based micropumps were integrated easily with 

channel-containing PMMA substrates. Flow rates on the order of ~10 µL/min were 

achieved using low voltages (10 V).  

 

The potential of electrolysis-based pumping in microchannels was further evaluated for 

pressure driven microchip liquid chromatography (LC). Two micropumps were 

connected with reservoirs for sample and mobile phase, situated at the ends of 



 

microchannels for sample injection and separation, respectively. Columns 

micromachined in glass were coated covalently with an organic stationary phase to 

provide a separation medium. A pressure-balanced sample injection method was 

developed and allowed the injection of picoliter sample volumes into the separation 

channel. Fast (<40 s) separation of three fluorescently tagged amino acids was performed 

in a 2.5-cm-long microchip column with an efficiency of 3300 theoretical plates. 

Improved electrode designs that eliminate the stochastic formation of bubbles on the 

electrode surface will enhance pumping reproducibility. 

 

Multilayer polymeric microdevices having fluidically and electrically independent 

crossover channels were made using phase-changing sacrificial layers (PCSLs). High-

performance electrophoretic separations of fluorescently labeled amino acids were 

carried out in multilayer PMMA microchips. Neither pressure nor voltage applied in a 

crossover channel resulted in negative effects on the separation quality in the main fluidic 

path. 

 

A fifty-fold reduction in crossover volumes was achieved in next-generation multilayered 

microchips. The ability to make minimal dead volume crossover channels facilitated the 

design and operation of multichannel array microdevices with a minimum number of 

electrical and fluidic inputs. Replicate electrophoretic separation of two peptides was 

performed in parallel for three independent microchannels connected to a single sample 

reservoir. My work demonstrates the value of PCSLs in making complex microfluidic 

structures that should expand the application of micro-total analysis systems. 
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1. INTRODUCTION 

 

1.1 MINIATURIZATION IN CHEMICAL ANALYSIS 

1.1.1 The journey to microchips 

Analytical chemistry has always been an important field for basic and applied research, 

including areas such as biochemistry, medicine, biology, the environment and 

petrochemistry, among many others. For years, the goal of many analytical chemists has 

been to automate and integrate as many steps as possible in a single protocol, reducing 

the analysis time as well as sample and reagent consumption. Miniaturization is not a 

new concept in analytical separations; the potential advantages of using small-diameter 

columns have been recognized for decades. In 1958, Golay revolutionized analysis by gas 

chromatography through the introduction of capillary columns.1 In the late 1960’s, 

theoretical and experimental work by Horvath et al.2,3 and Giddings4 illustrated the 

possibility of performing liquid chromatography (LC) in capillary columns. Later studies 

by Novotny5,6 and Yang7,8 demonstrated improvements in separation efficiency, obtained 

using capillary LC. Similarly, in the early 1980s, the advantages of performing 

electrophoretic separations in narrow-bore (25- to 75-μm i.d.) capillaries (as opposed to 

conventional slab gels) were demonstrated by Mikkers9 and Jorgensen et al.10,11 Indeed, 

these pioneering studies were key to the development of modern analytical separation 

techniques as we know them today. Interestingly, even before capillary columns became 

popular and widely used, groundbreaking work in miniaturization was presented by Terry 

et al.12,13 in which a gas chromatograph was micromachined in a silicon wafer. Despite 

the separation capabilities and miniaturized size of this device, this work did not attract 
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much attention due to the lack of experience of researchers in analytical chemistry in 

microsensing and microfabrication at that time. Over a decade later, Manz et al.14 

introduced the concept of a micro-total analysis system (μTAS), in which 

micromachining techniques such as those used in the microelectronics industry could be 

implemented in the fabrication of microdevices for sensing and automated sample 

measurement in the laboratory. The idea of integrating sampling, separation and detection 

capabilities in a single microdevice sparked separation scientists’ interest in 

microfabrication. During the 1990s, several papers reported the chip-based 

implementation of techniques such as electrophoresis,15-17 electrochromatography,18-20 

liquid chromatography,21 isotachophoresis,22 isoelectric focusing,23 and capillary gel 

electrophoresis.24-27 A survey of the current literature demonstrates that most column-

based separation methods have been implemented in a microchip format.28,29 

 

1.1.2 Materials and fabrication techniques for microfluidics 

As stated in Fundamentals of Microfabrication, “Microfabrication is a process used to 

construct physical objects with dimensions in the micrometer to millimeter scale.”30 The 

manufacturing protocols to make miniaturized analytical devices can be delineated 

according to the chosen material, whether inorganic substrates (glass, quartz and silicon) 

or polymeric. 

 

1.1.2.1 Inorganic materials  

From the introduction of the μTAS concept, diverse fabrication procedures originally 

developed for micro-electro mechanical systems (MEMS) and for the microelectronics 
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industry (photolithography, thin-film deposition and wet chemical etching among 

others30) were applied to the fabrication of μTAS components. Micromachining of silicon 

has been used for years in microprocessors and integrated circuit technology; therefore, 

the first analytical microdevices were made of silicon.12,13,31,32 However, the use of 

silicon in microfluidics is limited, in part because crystalline silicon is brittle and must be 

handled with care. The potentials applied in many microfluidic applications are 

incompatible with the breakdown voltage of silicon, which is <500 V.33 Furthermore, 

silicon is opaque to visible and ultraviolet light, and hence, cannot be used with 

conventional optical methods of detection. Finally, the relatively high cost of silicon can 

be prohibitive for the fabrication of disposable microdevices. Glass substrates have been 

implemented widely for the fabrication of analytical microdevices, due in part to their 

favorable optical properties, well-known surface chemistry, high breakdown voltage, 

insulating properties and well-established fabrication procedures.34-36 A brief review of 

the literature reveals that, while silicon is the most common material in the fabrication of 

MEMS, glass is the substrate of choice for many microfluidic applications.36-38 Glass 

substrates can vary from low-cost soda lime glass39 to high quality borosilicate38 and 

Borofloat.36 Some drawbacks of glass micromachining are the extreme health hazards 

involved with HF etching, the requirement of cleanroom conditions during fabrication 

and the use of high temperatures (>600˚C) for bonding. These factors make the process 

relatively slow and impractical for mass production, leading to high fabrication costs.40 

Moreover, in most cases the surface of glass microchannels must be modified for the 

analysis of large biomolecules such as proteins.41 Quartz or fused silica has been used to 

make miniaturized electrophoretic devices.42 Good mechanical strength and superior 
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optical properties compared to glass make quartz an appealing material for the fabrication 

of microfluidics; however, its high cost and complicated fabrication (e.g., bonding at 

>1000°C) have limited the application of quartz in μTAS devices.43 The use of CaF2 was 

reported by Pan et al. for the electrophoretic analysis of amino acids.44 The optical 

transparency of CaF2 (170-7800 nm) allowed Fourier transform infrared detection for the 

first time in microfabricated devices. Indeed, detection in CaF2 microdevices could be 

extended to other methods including Raman, UV, fluorescence, etc. Unfortunately, as 

with quartz, the fabrication yield and bonding procedures are serious limitations for the 

use of CaF2 in microfluidics.44 

 

1.1.2.2 Polymer substrates 

Perhaps one of the most important advancements in microfluidics in recent years has 

been the drift from the initially used and complex silicon and glass micromachining 

protocols to much simpler techniques involving materials such as polymers.45-47 Indeed, 

polymeric materials hold great potential to advance (both in terms of design flexibility 

and the ease with which a simple prototype can be made) the development of future 

integrated devices. Implementation of these technologies should result in the realization 

of less expensive, more functional, disposable and faster microanalytical devices.  

 

The use of polymeric materials to fabricate miniaturized analytical devices has expanded 

tremendously in the last few years.37,45,47-52 In general, plastics are less expensive than 

glass or silicon substrates, and polymer-based microfluidics can be mass-produced by 

replica or molding techniques, reducing the manufacturing costs.  Moreover, the variety 
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of polymers available, each with unique characteristics, allows the selection of a substrate 

depending on the particular application and detection mode in which the specific polymer 

is best exploited.53 Plastics used in the fabrication of microfluidics can be classified as 

either thermoplastics or elastomers.54 Thermoplastic materials are composed of weakly 

bonded chains, can be dissolved in organic solvents, soften upon heating and harden 

when cooled down. Typical examples of thermoplastic materials include poly(methyl 

methacrylate) (PMMA), polycarbonate (PC), poly(cyclic olefin copolymer) (COC) and 

polyimide (PI). Elastomers or thermoset materials on the other hand are cross-linked and 

insoluble in most organic solvents. Some examples of thermoset polymers include 

poly(dimethylsiloxane) (PDMS) and epoxy resists.  

 

Polymers can be characterized by their glass transition temperature (Tg), melting 

temperature (Tm) and decomposition temperature. A more complete list of the properties 

of polymeric materials can be found in several texts.55,56 Table 1.1 lists the Tg values for 

several commonly used polymers in µTAS applications. 

 

1.1.2.3 Silicon and glass microfabrication techniques 

The processes developed for microelectronics can be applied to silicon and glass to make 

microstructures in planar substrates. Microfabrication using inorganic materials can be 

described as either bulk or surface micromachining.30,57 In bulk micromachining, 

structures are created in the substrate itself, whereas surface micromachining uses 

deposition or growth of thin layers on a substrate followed by selective etching to form 

features.  
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Table 1.1 Common polymers for microfluidic devices and their µTAS applications. 

Material Tg (˚C) µTAS Application 

PMMA 105 DNA analysis48,58-60 

Electrophoretic analysis of amino acids, peptides and proteins50,61,62 

Isoelectric focusing of peptides63 

Interface to mass spectrometry (MS)64-66 

Electroosmotic flow properties67 

Electric field gradient focusing68 

On-chip solid phase extraction69 

PDMS 128 Immunoassays70,71 

MS electrospray emitters72,73 

Electroosmotic flow properties74,75 

2D-capillary electrophoresis76 

Electrophoretic analysis of amino acids and proteins46,77,78 

Multilayer microchips79,80 

PC 150 PCR amplification followed by DNA analysis81 

Electrophoretic analysis of proteins, peptides and amino acids82 

MS electrospray emitters83 

Electroosmotic flow properties84,85 

DNA mutation detection86 

COC 140 Electrophoretic separation and MS87 

MS electrospray emitters88 

On-chip LC-MS89 

Isoelectric focusing90 

PI 350 Affinity assays, electrochemical and biochemical analysis91 

Nano-LC-MS92 

 

Figure 1.1 illustrates the steps involved in the microfabrication of microfluidic structures 

using bulk and surface micromachining. Some fabrication steps such as photolithography, 

etching and thin-film deposition are common to bulk and surface micromachining. The 

processes used in bulk micromachining are described in detail in the following 
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paragraphs.  The principles and applications of microfabrication using sacrificial 

materials or thin films for surface micromachining will be described in Chapter 4.93 

 

 

Figure 1.1 Schematic diagram of bulk and surface micromachining of microfluidics. 

 

Photolithography. The process of transferring patterns into a substrate by optical 

methods is known as photolithography.30 The general procedure of photolithography is 

outlined in Figure 1.2.  
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Figure 1.2. General procedure of photolithography (reprinted with permission from reference 

93, copyright 2007, CRC Press). 

 

The process starts by drawing the features to be transferred to the substrate using a 

computer-aided design (CAD) program. Patterns in the CAD program are then 
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transferred to a photomask using a pattern generator. A typical photomask consists of a 

chromium-covered glass plate.  

 

Prior to the photolithographic process, the substrate must be cleaned to remove organic 

contaminants or dust particles. Photolithography must be performed in a cleanroom 

environment because dust particles in the air can settle on the substrates or the 

photomasks, leading to defects in the final devices.36 In a cleanroom, the total number of 

dust particles per unit volume, temperature and humidity must be controlled tightly. The 

US FED 209B standard classifies cleanrooms according to the maximum allowable 

number of particles 0.5 μm and larger, per cubic foot (Table 1.2).94 For example, a class 

10 cleanroom has a count of 10 particles/ft3 with diameters of 0.5 μm and larger. Current 

cleanroom classification is based on the ISO Standard 14644-1.95 However, the US FED 

209E standards are still widely used in many microfabrication facilities. 

 

Table 1.2 US Federal Standard 209B for cleanroom classification.94 

 Maximum particles/ft³ 

Class ≥ 0.1 µm ≥ 0.2 µm ≥ 0.3 µm ≥ 0.5 µm ≥ 5 µm 

1 35 7 3 1  

10 350 75 30 10  

100  750 300 100  

1,000    1,000 7 

10,000    10,000 70 

100,000    100,000 700 
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When silicon is used as the substrate, a layer of insulating silicon dioxide must be grown 

on the surface. This oxide layer is obtained by thermal oxidation in the presence of an 

oxidant such as oxygen. For photolithography, an adhesion promoter such as hexamethyl 

disilazane is applied on the substrate to increase the hydrophobicity of the surface and 

provide a chemically compatible interface for the photoresist. 

 

Following this, a layer of an organic polymer resist is spin coated on the substrate. Spin 

speed is generally in the range of 1000-10,000 rpm; the thickness of the photoresist layer 

is correlated with the resist viscosity and spin speed. After the spinning step, the substrate 

is soft-baked for about 60-120 s at 90-100˚C to remove the solvent from the photoresist 

and increase resist adhesion to the substrate. Application procedures for photoresist have 

been studied extensively and optimized for specific applications.30 

 

Once a uniform layer of photoresist is applied on the surface, the substrate is aligned with 

the photomask in an optical lithography system, and the photoresist is exposed to UV 

light. Depending on the type of photoresist used, the polymer chains are broken (positive 

resist) or linked together further (negative photoresist), which changes the solubility of 

the resist in a solvent developer. The exposed areas become more soluble for a positive 

photoresist or less soluble for a negative resist.30 After development, the photoresist is 

left with the pattern from the optical mask. In general, positive resists generate a more 

clear edge definition than negative resists.30,96 However, microfluidics with pattern 

linewidths ranging from 10-100 μm can be defined readily with both positive or negative 

photoresists. 
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A related pattern transfer process is the liftoff technique, which is commonly used for 

defining metal patterns in planar substrates.97 For 

this process, a layer of resist is coated on the 

substrate and photolithographically patterned as 

described before (Figure 1.3A-B). Then, a metal 

is deposited on the resist, typically by thermal 

evaporation or sputtering (Figure 1.3C), resulting 

in a metal pattern effectively stenciled through the 

gaps in the resist. The photoresist in the substrate 

is normally over developed, resulting in overhangs 

that define a gap in the metal on the surface 

(Figure 1.3C). Finally, the photoresist is removed, 

lifting off the unwanted metal and leaving unaffected the metal in the patterned areas 

(Figure 1.3D). 

 

Etching techniques. The etching step is fundamental in bulk micromachining.57 It 

involves the physical or chemical removal of materials in desired areas to permanently 

establish photolithographic patterns in the substrate. Microstructures such as 

microchannels, wells, membranes and diaphragms can be fabricated by etching 

protocols.98 The two major types of etching are wet and dry etching. Wet etching 

techniques are generally more broadly accessible and widely used in making 

microfluidics. Dry etching involves the removal of substrate materials by gaseous 

reactants without liquid-phase solutions. Compared to chemical etchants, dry etching 

A

B

C

D

Figure 1.3. Lift-off process.
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provides higher resolution and better fidelity in transfer of resist patterns to a substrate.  

Dry-etch methods normally use plasma or reactive ion etching.30,99 Because most of the 

microfabrication work presented in this dissertation used wet etching, I will focus on 

discussing this method. A comprehensive review of dry etching techniques can be found 

in several nano- and microfabrication textbooks.30,57,100,101  

 

Wet or chemical etching involves using solutions with appropriate reactants to dissolve 

the substrate. The solutions used in etching, or etchants, attack the parts of the substrate 

that are not protected by a masking layer. Importantly, the etching solution must not 

dissolve this layer, or should at least etch the mask at a much slower rate than the 

material to be patterned. The basic wet etch process involves (a) diffusion of reactant to 

the surface, (b) surface reaction (absorption, reaction, desorption) and (c) diffusion of 

products away from the surface. Crystalline silicon can be etched with strong bases such 

as KOH, whereas HF solutions are used to etch glass or SiO2 substrates.102 Depending on 

the material, two types of etching are observed, isotropic and anisotropic (Figure 1.4).97  

 

 

Figure 1.4 Anisotropic and isotropic etching profiles. 

 

Isotropic etching is a process in which the etching of substrate takes place uniformly in 

all directions.30,36,103 This etching process produces smooth, rounded microstructures and 
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is often observed when etching non-crystalline materials such as glass. Isotropic etching 

is not desirable in applications where the finished geometry of the microstructures must 

be controlled. In practice, the width of an isotropically etched microchannel will always 

be at least twice its depth due to undercutting of the mask. Hence, isotropic etching is not 

an appropriate choice to fabricate high-aspect-ratio microstructures. 

 

In contrast to isotropic etching, anisotropic etching has different etch rates in different 

directions within the material. The classic example of this is the etching of crystalline 

silicon in KOH.104 Silicon has a face-centered cubic unit cell in which single-crystal 

planes have different orientations. The growth of crystals proceeds at different rates in 

certain directions, and etching rates also vary. Planes in a crystalline material like silicon 

are designated by the Miller indices. Three planes in silicon are important in 

micromachining: <100>, <110> and <111>. Because of the importance of this 

orientation-dependent machinability, silicon suppliers normally cut wafers along these 

planes. For some applications, anisotropic etching is preferred over isotropic etching 

because it allows one to “shape” or micromachine the substrate in one direction much 

faster than another.30,104 Some drawbacks of anisotropic etching include limited design 

freedom in the fabrication of channels with sharp bends and loss of space, since these 

planes are not generally vertical to the surface for etching holes or cavities.  

 

Bonding techniques. To obtain enclosed, patterned structures in a planar substrate, the 

assembly of a cover plate is often required.96 Sealing methods depend largely on the bulk 
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material used for microfabrication. Figure 1.5 summarizes the main bonding techniques 

that have been developed for applications in glass and silicon substrates.102,105-108  

 

 

Figure 1.5 Bonding techniques for glass and silicon substrates. 

 

Thermal or fusion bonding is a widely used technique to enclose structures in 

microchips;36,105,109 this process can be used to obtain microdevices formed of the same 

material or different materials. The bonding of glass to glass for example produces well-

bonded devices when the sealing is performed at temperatures near 600˚C and under 

pressure for several hours.35 Because bonding is accomplished near the softening 

temperature of the material, the microstructures in the substrates can be distorted readily, 

compromising device integrity. Thermal stress is also a concern in the case of 

heterogeneous assembly, since different materials will have different thermal expansion 

coefficients. Moreover, thermal bonding requires flat, defect-free surfaces and imposes 

strict cleanliness conditions during bonding. To address these problems with high 

temperature, low-temperature glass-to-glass bonding techniques have been developed 

using 1% HF and 1 MPa applied pressure at room temperature.110 In general, low-
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temperature methods give lower device yields and have lower bonding strength compared 

to thermal sealing. 

 

Anodic bonding uses a high electric field to affix substrates; this process is preferred for 

bonding glass and silicon.108,111,112 When a voltage is applied across a glass-silicon 

sandwich at a temperature close to 450˚C, ions diffuse through the glass surface, creating 

a space-charge region which leads to a strong electrostatic attractive force between the 

two surfaces. This method does not require highly polished surfaces, and bonding can be 

effected in the presence of asperities up to 1 µm tall. Typical bonding times are 10 to 30 

min, considerably shorter than thermal bonding. Anodic bonding also allows the 

formation of multilayer glass/silicon/glass structures in a single bonding step. However, 

bonding of two silicon or glass pieces together is only possible with prior deposition of 

silicon nitride or oxide films between the surfaces being affixed.113 

 

Adhesive bonding uses a polymeric intermediate layer to attach two pieces 

together.106,107,114 In this method, a thin film of adhesive polymer is coated on one of the 

substrates being bonded, and the second piece is held in contact with the adhesive-coated 

surface to effect bonding. Adhesive bonding offers some advantages compared to fusion 

and anodic bonding. The process is performed at temperatures generally below 150˚C 

and does not require extensive cleaning procedures, since the adhesives are normally 

“soft” materials that can conform to particles on the surface without compromising 

bonding quality. Drawbacks of this bonding technique include limited thermal range and 

stability, and the introduction of a new material (the adhesive layer) between the bonded 
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pieces, which may be undesirable in applications where control of surface properties is 

critical. 

 

1.1.2.4 Polymer microtechnology 

Fabrication of plastic microdevices uses a variety of techniques. Manufacturing methods 

can be divided into two areas: (1) direct fabrication and (2) replication.48,115 Direct 

techniques include laser ablation and mechanical machining. The use of these protocols is 

restricted because the linewidths obtained are wide (~100-500 μm), and the surfaces are 

normally too rough to perform high-efficiency microfluidic separations. Due to these 

reasons, only replication techniques will be discussed herein. 

 

Table 1.3 Overview of polymer replication techniques. Adapted from Becker et al.115 
 

Process Materials Cost Cycle time Force/Temp Geometry Minimum 
dimensions

Hot 
Embossing 

Thermoplastics Low-
medium 

3-10 min High (kN)/~Tg 
(100-200˚C) 

planar Sub-10 nm 

Injection 
moulding 

Thermoplastics high 0.3-0.3 min High (>kN) 
/above 
melting (150-
400˚C) 

Planar-
spherical 

10 µm 

Casting Elastomers low Min-h No forces/25-
80˚C 

planar ~ 10 nm 

 

Replication methods include injection molding, casting, and embossing (Table 1.3); 

these fabrication techniques had been used in the plastic industry for many years before 

microfluidics were developed. All replica methods use a replication mold or master with 

the inverse shape of the desired structure, from which copies in the polymeric material 

can be made. Approaches for master fabrication vary from conventional milling50 to 
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highly sophisticated lithography processes such as those used for the fabrication of 

microchips in inorganic materials.54,87,116,117 Unlike glass micromachining that requires 

cleanroom conditions during fabrication, polymer microchips can be made using 

replication techniques in a research laboratory environment, provided a mold is available. 

Indeed, one of the main advantages of replica molding microfabrication is the possibility 

of mass production of many microdevices from the same template. 

 

Casting. Also known as “soft lithography”, casting of microfluidic structures was 

introduced over ten years ago118 and today is one of the most frequently used replication 

techniques.46,47,54,79,119,120 Microdevice fabrication involves pouring a prepolymer solution 

formed by a two-component mixture of monomer and cross-linking agent directly on a 

photolithographically fabricated silicon or SU-8 master. The most common material used 

in soft lithography is a mixture of PDMS and curing agent, commercially available as 

Sylgard 184 from Dow Corning. PDMS is an attractive substrate in microfabrication due 

to its optical transparency down to ~230 nm and ease of integration with macro-scale 

components.79 After curing at room temperature for about 48 h or at 100˚C for 45 min, 

the PDMS elastomer is peeled away from the mold and sealed to a flat surface to enclose 

the microstructures in the PDMS replica.47 Patterned PDMS sheets can be sealed 

reversibly to a variety of materials including glass or another PDMS slab. Bonding 

strength of PDMS microdevices can be improved using an oxygen plasma to create 

covalent Si-O-Si bonds between PDMS and a glass, Si or PDMS surface.  Figure 1.6 

depicts the casting process of PDMS using a photolithographically patterned and etched 

silicon template. 
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A primary advantage of PDMS casting is the ease of implementation, even for 

laboratories without sophisticated instrumentation or cleanroom capabilities. Moreover, a 

single mold can be used to make several casts. Finally, this technique facilitates the 

formation of three-dimensional devices by successive stacking of PDMS layers.121  

 

Chiu et al.122 have explored the use of 

thermoset polyester (TPE) to fabricate 

microfluidic devices using a process 

similar to soft lithography. Compared 

to PDMS, TPE casting presents both 

advantages and disadvantages. For 

example, TPE is transparent in about 

90% of the visible spectrum; it is a 

hard material and is compatible with 

nonpolar solvents such as 

cyclohexane, n-heptane and 

toluene.122,123 On the other hand, 

connecting TPE with macro-scale components is difficult compared to PDMS. 

 

Hot Embossing. The transfer of the patterns from a master surface, for example a silicon 

template, into a formable material such as a thermoplastic polymer is known as hot 

embossing.54,116,124-126 This technique is easy to implement and does not require 

complicated instrumentation (except for the fabrication of the template). Figure 1.7 

Figure 1.6. PDMS casting using soft lithography.
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shows a schematic of the hot embossing microfabrication process using an etched silicon 

template for imprinting a microchannel into a PMMA piece.   

The master and polymeric substrate 

are heated above the Tg of the 

polymer under applied embossing 

pressure. After an optimized 

embossing time, the template-

substrate assembly is removed 

from heat and cooled.  To obtain 

higher resolution and fidelity in the 

pattern transfer process, cooling is 

preferably done while the silicon 

template and polymer substrate are 

still in contact.  

Hot embossing has been used in the fabrication of microfluidic chips for years.59,116,126-128 

The embossing conditions (temperature, pressure and time) can be optimized for specific 

substrates; some examples include microchips in PMMA, PC, and COC. The main 

advantages of hot embossing are the ability to mold small structures, and the good 

replication accuracy since a phase change is not involved. Moreover, depending on the 

master material, a single template can be used to fabricate multiple devices with good 

reproducibility. 

 

Si template

Substrate

Microchannel 
imprinting

Imprinted
microchannel

Heat to Tg

Heat to Tg

P
R
E
S
S
U
R
E

Figure 1.7 Hot embossing (imprinting) procedure.

Si template

Substrate

Microchannel 
imprinting

Imprinted
microchannel

Heat to Tg

Heat to Tg

P
R
E
S
S
U
R
E

Si template

Substrate

Microchannel 
imprinting

Imprinted
microchannel

Heat to Tg

Heat to Tg

P
R
E
S
S
U
R
E

Figure 1.7 Hot embossing (imprinting) procedure.



 20

Injection molding. One of the most common methods of shaping polymer substrates is a 

process called injection molding.55,58 Injection molding is accomplished using relatively 

large machines (Figure 1.8).  

 

Figure 1.8 Schematic representation of an injection molding machine. 

 

Using this technique, it is possible to generate structures having almost any geometry 

from a variety of thermoplastic polymers. Briefly, the process consists of injecting the 

melted substrate under high pressure into an evacuated cavity containing a master that 

shapes the material appropriately. Typical molds are made of either steel or aluminum, 

and are precision-machined to form the features of the desired part. After cooling, the 

polymer solidifies and the formed structures are removed from the mold. The injection 

molding technique has been utilized in the fabrication of microfluidic devices.58,129,130 

Microstructures can be fabricated with integrated components such as optical fibers or 

metal wires. The wide use of injection molding in microfluidics research is limited by the 

costs associated with complex instrumentation and fabrication of metal molds. 
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Bonding of polymer microfluidics. Microfabricated structures in polymeric microchips 

need to be sealed to complete the fluid conduits. Several methods have been explored for 

bonding of cover plates to substrates, including thermal and solvent bonding. 

 

Similar to glass microdevices, polymeric microchips can be thermally bonded to create 

microcapillaries. The standard thermal bonding method involves heating a patterned 

substrate and cover plate to near the Tg of the material under applied pressure.61,116 

Alternate approaches have used heated weights131 or boiling water.125 Thermal bonding is 

attractive for enclosing polymer microchips because is easy to implement, does not 

require sophisticated instrumentation and can produce microstructures composed of one 

material.48,49,114,132,133 However, the use of elevated temperature and pressure during 

bonding represents a challenge since the microstructures in the substrate can be distorted 

readily during this step, limiting the success rate. In addition, thermally bonded 

microdevices are sealed weakly and can be delaminated with <200 psi internal pressure.62  

 

Unlike thermal enclosure, solvent bonding does not require temperature to effect 

bonding. Briefly, polymeric surfaces to be bonded are wetted with an organic solvent, 

which partially dissolves the polymer at the surface.  When the two pieces are brought 

together under lightly applied pressure, interdiffusion and entangling of the polymer 

chains in both surfaces forms a high-strength bond.134-136 In recent years, the use of 

solvent bonding to fabricate polymer microfluidic devices has increased 

tremendously.51,126,132,137,138 In general, solvent bonding produces more robust and 
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strongly enclosed devices compared to thermal bonding. However, microchannels can be 

blocked during bonding by dissolved polymer, or swelling or softening of the substrate.   

 

The method developed by Kelly et al.62 used a sacrificial material to protect microchannel 

integrity during solvent bonding. Paraffin wax was introduced in the microchannels 

before solvent-assisted bonding of PMMA to prevent the solvent from dissolving and 

deforming the polymeric microstructures. At the end of the process the sacrificial paraffin 

wax was removed by melting it and rinsing with a solvent (e.g., hexanes). The resulting 

devices could withstand pressures of at least 2,200 psi and electric fields of >1,500 V/cm. 

These microdevices were used to perform high-efficiency electrophoretic separation of 

amino acids and peptides. 

 

Other approaches have been explored for sealing plastic microfluidic devices, including 

adhesive bonding,139-141 thermal lamination,58 and resin-gas injection.142 These methods 

produce robust microdevices and are relatively easy to implement. However, in most 

cases they lead to microchannels with walls composed of different materials, which result 

in an inhomogeneous zeta potential and potentially poor separation efficiencies.143  

 

1.1.2.5 SU-8 micromachining  

SU-8 is an epoxy-based negative photoresist.144,145 SU-8 can be patterned by 

photolithography146 and has been adopted thereby as a structural material for the 

fabrication of microfluidic chips for separations147 and multilayer systems.148 Many 

features make SU-8 an attractive material for microfabrication: SU-8 is optically 
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transparent to near UV and visible light, and SU-8 can be integrated easily with 

additional components in microfabricated structures. Recently SU-8 has gained interest 

for the fabrication of patterns for soft lithography,119 hot embossing and solvent 

imprinting of microstructures in microchannels.149 In contrast to other materials such as 

silicon, SU-8 templates can be fabricated with sharp turns.  Fabrication of SU-8 templates 

does not involve etching and, thus the height of the features on the template depends only 

on the thickness of the SU-8 layer patterned. 

 

 

1.2 CHIP-BASED CAPILLARY ELECTROPHORESIS 

 

Initial interest in miniaturization was driven by the desire to reduce costs by using less 

sample and reagents, while increasing separation speed and throughput. For years, most 

developments in μTAS have focused on transferring widely accepted analytical 

techniques such as chromatography and electrophoresis to a microchip format. 

 

Pumped flow and separations are perhaps the most widely exploited microfluidic 

applications. The most common flow pumping mechanism implemented to date has been 

electroosmosis, using an electric field to generate bulk flow in a conducting liquid.15 Not 

surprisingly then, electrically driven separation methods have been utilized in most on-

chip separations.29,37,150,151  
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1.2.1 From capillaries to microchannels 

Capillary electrophoresis (CE) is one the most versatile separation techniques in 

bioanalytical chemistry.152,153 CE describes a family of electrically driven methods used 

to separate a variety of large and small molecules in an electric field in a narrow tube.10 

The electric field causes charged molecules to migrate toward the opposite pole and 

separate from each other based on their charge to viscous drag ratio.154 CE is recognized 

as a high-efficiency separation technique, because of the high electric field and flat 

electroosmotic flow profile. This contrasts with pressure-driven flow, such as in HPLC, 

in which frictional forces at the column walls lead to a parabolic or laminar flow profile. 

In addition, CE requires only small amounts of sample, and can be automated easily. 

 

In principle, CE can separate only charged analytes; however, there are a number of 

operation modes that increase the versatility of CE. Table 1.4 lists the most commonly 

used modes of CE and their applications.154 Microchip electrophoresis (µCE), which can 

be considered a scaled-down version of conventional CE, was first demonstrated by 

Harrison et al.35 Today, all the modes of CE described in Table 1.4 have been transferred 

to microchips.15,19,23,37 Typical µCE devices consist of microstructures embedded into a 

glass or polymer substrate, ranging in design from a single injection and separation 

channel to more complex platforms for capillary arrays,155 two-dimensional 

separations,50,156 sample treatment,157 pre- and post-column reaction,158,159 and multilayer 

systems,160 among others.37  

 



 25

 

Chip-based CE has several advantages over bench-top counterpart systems. For example, 

it can speed up analysis while reducing reagent and waste stream volumes. Sophisticated 

sample-processing and analysis functions can also be carried out in an automated fashion. 

Moreover, because of the small dimensions of microfabricated channels, high electric 

fields can be applied to improve separation efficiency. Finally, Joule heat dissipation is 

more effective in micrometer-dimension channels. Indeed, these features make μCE an 

attractive technology for the next generation of CE systems. 

 

Table 1.4 Different modes of capillary electrophoresis. 

Mode Basis of separation Applications 

Capillary zone electrophoresis 
(CZE) 

Differences in the charge-to-
mass ratio in free solution 
mobility 

Separation of small and large 
charged analytes  

Micellar electrokinetic 
chromatography (MEKC) 

Hydrophobic/ionic 
interactions with micelle 

Separation of neutral 
molecules and very 
hydrophobic compounds 

Capillary gel electrophoresis 
(CGE) 

Size (sieving) and charge Denaturing gel molecular 
weight analysis of proteins; 
DNA sizing, sequencing and 
genotyping 

Isoelectric focusing (IEF) Isoelectric point in a pH 
gradient 

Amphoteric molecules, 
determination of a protein's 
isoelectric point 

Capillary 
electrochromatography (CEC) 

Differential interaction of 
electrically driven solutes with 
a stationary phase 

On-line concentration and 
high-efficiency separations 

 

1.2.2 Theory of μCE 

Microscale analytical systems have distinctive properties as a result of their small 

dimensions. Miniaturization is more than simply scaling down well-understood 

macrosystems. For example, because of the lack of turbulence, liquid flow is normally 
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laminar; moreover, properties such as surface tension and viscosity which have little 

effect in macro-systems become important in miniaturized devices.161 Nevertheless, 

theoretical aspects of µCE systems are similar to those of conventional CE and will be 

discussed in the next paragraphs.154,162  

Electrophoretic separations in 

microchips are performed in 

microfabricated channels having wells 

at the ends, which serve as reservoirs. 

The simplest layout of a microchip 

consists of a cross structure as shown in 

Figure 1.9.  

 

 

When a voltage is applied to a buffer-filled microchannel, charged analytes move toward 

the electrode of opposite polarity. The velocity of an ion in an electric field is given by: 

 

Eeμν =        (1.1) 

where: 

ν  = ion velocity 

eμ  = electrophoretic mobility 

E  = applied electric field 

 

The mobility of a given ion in a medium is characteristic of that ion and depends on the 
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Figure 1.9. Layout of a CE microchip.
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Figure 1.9. Layout of a CE microchip.
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degree of dissociation, which is influenced by the pH of the solution. A particle with 

charge ( q ) is accelerated in an electric field by an electric force ( eF ) given by: 

 

=eF qE        (1.2) 

 

The frictional force ( fF ) on a spherical ion (radius = r ) as it passes through a medium of 

viscosity, n , with velocity, ν , is given by: 

 

νπnrFf 6−=       (1.3) 

 

During electrophoresis, these forces are equal in magnitude, but opposite in direction. 

Combining the two equations, the electrophoretic mobility of an ion is thus given by: 

 

nr
q

E
V

e π
μ

6
==        (1.4) 

 

In equation (1.4), V is the applied voltage. It is clear that small, highly charged molecules 

will have greater mobilities compared to large and minimally charged species. 

 

Unlike in pressure-driven chromatographic methods, fluid motion in electrophoresis 

relies on electroosmotic flow (EOF).152 The surface of silica-based capillaries contains 

negatively charged weakly acidic silanol groups. Therefore, when a capillary is filled 

with a buffer solution, the negatively charged capillary wall attracts positively charged 
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ions from the buffer, forming a double layer of ions near the surface and a potential 

difference known as the zeta potential.163 When a voltage is applied across this capillary, 

the cations within the double layer are attracted to the cathode. This overall movement of 

solvated ions carries the bulk solution along and is called electroosmotic flow.164 An 

important benefit of EOF is that it causes movement in the same direction of nearly all 

species, regardless of charge. Normally, EOF goes from anode to cathode; however, 

anions can also move toward the cathode when the magnitude of the EOF is greater than 

the electrophoretic mobility of the anions. Figure 1.10 depicts the migration of ions 

under an applied electric field in a buffer-filled capillary. Cations migrate fastest due to 

their attraction towards the cathode, while neutrals migrate faster than anions under EOF, 

but are not separated from each other. 

 

Figure 1.10. Solute migration under EOF. 

 

1.2.3 Microchip CE analytical parameters 

The analytical parameters for μCE can be described in terms of those used for column 

chromatography and electrophoresis.152,154 The time required for a solute to migrate to the 
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point of detection is called the migration time. Solutes are separated electrophoretically 

due to differences in their mobilities. Under ideal conditions, analytes should travel along 

the microchannel with different speeds, forming narrow and well-defined zones; 

however, differences in solute velocities within a zone result in analyte dispersion, which 

translates into band broadening. For a Gaussian peak, the baseline width ( bW ) can be 

expressed as: 

 

σ4=bW         (1.5) 

 

where σ  is the peak standard deviation (in time, length or volume). The efficiency ( N ) 

in terms of theoretical plates in a separation microchannel can be expressed as: 

 

2)(
σ
lN =        (1.6) 

 

where ( l ) is the effective microchannel length measured from the injection intersection to 

the detection point. The efficiency can also be expressed in terms of molecular diffusion 

based on the diffusion coefficient of the solute ( D ). 

 

V
DlL

eμ
σ 22 =       (1.7) 

 

In equation (1.7), L  is the total length of the microchannel. Substituting equation (1.7) 

into equation (1.6), the number of theoretical plates in μCE can be expressed as: 
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D
VN e

2
μ

=        (1.8) 

 

From equation (1.8), it is clear that high voltages benefit separation efficiency; this 

equation also shows that molecules with low diffusion coefficients (e.g., 

biomacromolecules) will have less dispersion compared to small molecules. 

 

In addition to dispersion, other parameters affecting efficiency are: (i) Joule heating, (ii) 

injection plug length, (iii) solute interaction with microchannel walls, (iv) detector width, 

and (v) electrodispersion (for example, mismatched conductivities of sample and buffer). 

The heat generated by the 

passage of current through a 

capillary filled with a 

conductive medium is called 

Joule heat.165 Under optimal 

conditions (without Joule 

heating), the current vs. 

voltage relationship in a 

buffer-filled capillary should 

be linear. When Joule heating is present, the increase in temperature raises the solution 

conductivity, causing the current to increase more rapidly as a function of potential 

(Figure 1.11).  
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Figure 1.11. Current vs. voltage relationship in the 
presence of Joule heating (adapted from Schasfoort
and Tüdos162). 

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250

I (
μA

)

E (V/cm)

Figure 1.11. Current vs. voltage relationship in the 
presence of Joule heating (adapted from Schasfoort
and Tüdos162). 



 31

The Joule heat generated per time unit ( tQ / ) can be expressed in terms of the applied 

potential (V ), the solution conductivity (λ ) and the radius of the capillary ( r ): 

 

L
rV

t
Q πλ22

=       (1.9) 

Equation (1.9) shows that reducing the applied voltage or avoiding high-conductivity 

buffers can lower Joule heating. However, the best approach to reduce Joule heat is to use 

a small capillary diameter. Importantly, short lengths and small diameters of 

microfabricated channels can dissipate Joule heat more effectively than conventional 

capillaries; thus, higher electrical fields can be applied, potentially yielding greater 

separation efficiencies. 

 

1.2.4 Operation of CE microchips  

Microchip CE injection is achieved by applying a voltage across the injection channel, 

and then switching the voltage to the separation channel to inject and separate the sample 

plug at the microchannel intersection (Figure 1.9). This injection mode allows for the 

loading of narrow, well-defined sample zones, which can significantly reduce the 

distance required for adequate separation and resolution. The separated solute bands are 

then detected at the end of the separation channel.  

 

In any separation technique, the injection of reproducible and well-defined sample plugs 

is critical to performance. In addition, sample introduction in microfabricated devices 

requires the injection of picoliter-volume plugs to avoid channel overloading and 

deteriorated separation performance.166,167 Sample injection in microfluidics can be 
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performed using EOF (electrokinetic injection)168 or pressure (hydrodynamic 

injection).169 Each method has advantages and disadvantages; however, since 

electrokinetic injection is used more commonly in microfluidics, only EOF-based 

injection approaches will be discussed here. In general, electrokinetic methods require no 

moving parts, are easy to integrate, and are compatible with the voltages used during 

separation. Some drawbacks of these methods include possible sampling bias during 

injection and susceptibility to pH and EOF changes. 

 

Cross injection is the most simple and common loading mode used in microfluidics.35,105 

A schematic representation of a cross injector is shown in Figure 1.12.105  

 

 

Figure 1.12. Schematic representation of a cross injector. 

Injection Separation

Detection

SR

BR

IR

WR

+

+

(A) (B)

Injection Separation

Detection

SR

BR

IR

WR

+

+

(A) (B)



 33

First, the microchannels are filled with separation buffer, and sample is loaded into the 

sample reservoir (SR). For injection, a voltage is applied across the injection channel, 

which drives the sample from the SR to the injection reservoir (IR, Figure 1.12A) while 

the buffer reservoir (BR) and waste reservoir (WR) are floating. Next, a potential is 

applied across the separation channel, causing the sample plug at the microchannel 

intersection to move towards the WR, during which separation and detection of analytes 

takes place (Figure 1.12B). 

 

A similar approach, double-T injection, uses the same voltages and control inputs of a 

cross injector with a modified chip layout at the microchannel intersection (Figure 

1.13).16,43,170 This configuration allows better control of the sample plug length compared 

to cross injection but suffers from sample leakage from the injection channel into the 

separation channel, which is mostly due to convection and diffusion.102 

 

Figure 1.13. Schematic representation of a double-T injector. 
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Pinched injection was proposed by Jacobson et al.105 in 1994 to improve sample plug 

definition and to address the problem of sample leakage into the separation channel. A 

schematic representation of the pinched injection mode is depicted in Figure 1.14.171-173 

Briefly, negatively charged analytes are driven electrokinetically from the SR to the IR 

by applying an elevated voltage in the IR while the other reservoirs are grounded (Figure 

1.14A). For separation, a potential several-fold higher than the injection voltage is 

applied to the WR, the SR and IR are kept at the injection voltage, and the buffer 

reservoir is grounded (Figure 1.14B). The potential applied to the SR and IR prevents 

sample diffusion into the separation channel during injection, causing only the sample 

present in the channel intersection to be loaded into the separation channel. 

 

 

Figure 1.14. Schematic representation of the pinched injection approach. (Reprinted with 

permission from reference 93, copyright 2007, CRC Press).  

 

Sample 
waste

Injection Separation

Detection

SR

BR

IR

WR

+
++

++

Sample 
waste

Injection Separation

Detection

SR

BR

IR

WR

+
++

++++



 35 

Detection methods. Detection in microfluidic devices presents a significant challenge 

due to the small dimensions of the microchannels and the amount of sample injected.162 

A number of detection methods, including optical, electrochemical and mass 

spectrometry techniques have been implemented to meet these challenges, and several 

reviews discuss the principles and applications of these approaches.174-177 

  

Optical detection methods used in microfabricated devices include UV-visible absorption, 

chemiluminescence and laser induced fluorescence (LIF). These methods are attractive 

for microfluidic applications because no connections are required between the detector 

unit and the microfluidic device, which reduces zone broadening due to dead volume. A 

key problem with optical detection in microfluidics is the relatively poor limit of 

detection (LOD), due to the short optical pathlengths of microfabricated channels.  

 

UV-visible absorbance is used widely in analysis techniques due to its nearly universal 

applicability. UV detection has been used in glass µCE devices,178,179 but has seen little 

application in polymeric microchips because many polymer substrates readily absorb UV 

light. LIF is a technique with very low limits of detection (LOD), that can be 

incorporated in microchips. Indeed, LIF is the dominant detection method used in 

microfluidics.102,174,176 Although few analytes have native fluorescence, non-fluorescent 

species can be derivatized with fluorescent dyes and detected using LIF. Some reagents 

used for this end include: o-phthaldahyde/?-mercaptoethanol180 naphthalene 

dicarboxylaldehyde181 and fluorescein isothyiocyanate (FITC).62,114 Typical detection 

limits in LIF range from 10-10 to 10-12 M; moreover, with confocal epifluorescence, 
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subpicomolar detection levels have been achieved in a microchip.182 Indeed, researchers 

have even reported detection limits down to a single molecule.103,183 One disadvantage of 

LIF is the need for bulky instrumentation that reduces the advantages of miniaturization 

and limits portability. This issue has been addressed in part by Webster et al.184 who 

integrated a light-emitting diode with a silicon photodiode in a microfabricated chip, 

eliminating the need for an external laser source or photodetector. Figure 1.15 shows a 

schematic diagram of a confocal LIF system.  

 

Figure 1.15 Schematic diagram of a confocal LIF system. 
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The three basic modes (amperometry, conductimetry and potentiometry) of 

electrochemical detection (ED) have been implemented in microchips.174-176,185 The use 

of ED in microfluidic devices is attractive for several reasons. First, many compounds 

can be detected selectively and in low concentrations without derivatization.186,187 

Second, ED can be integrated easily in the microchip format because the electrodes can 

be microfabricated using photolithography techniques. Third, the background current 

generated is very small, leading to an increased signal-to-noise ratio and potentially lower 

LOD.188,189 Finally, the reduced dimensions of microfabricated electrodes generally result 

in faster response times compared to conventional ED.190,191 A major drawback of 

amperometric ED is the requirement that analytes be oxidized or reduced under the 

analytical conditions. Moreover, in microfabricated devices, the high voltages used for 

separation can potentially interfere with the detection electrodes. Some approaches to 

overcome this problem include end-channel detection, in which the working electrode is 

placed beyond the end of the separation channel,192,193 or the use of a decoupler to ground 

the separation voltage before it reaches the detector.194  

 

Mass spectrometry (MS) detection has been used with microfluidic devices for more than 

a decade.195 Microchips are normally coupled to mass spectrometers via electrospray 

ionization interfaces.64,196 Polymeric microdevices made of PMMA,64,65 PDMS,72 and 

PC197 have been used for MS analysis of a variety of species, including small molecules87 

and proteins.65 In recent years MS detection in microchips has been bolstered by the need 

to obtain structural information for proteomic studies.198,199 
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Other detection methods used in microfluidics include infrared absorbance,44 Raman 

scattering spectroscopy,200 and nuclear magnetic resonance.201 Viskari and Landers177 

have published a review of unconventional detection methods for microfluidic devices.  

 

The advances presented so far in miniaturized CE separations demonstrate that µCE is 

today an expanding and developing field, which is expected to continue to grow over the 

years.37,202,203 However, as the demands for new analytical tools in the areas of 

proteomics, life sciences, pharmaceuticals and biomedicine increase, many challenges in 

design, integration and functionality arise for microfluidic systems. Some of these 

challenges are discussed next. 

 

 

1.3 FUTURE TRENDS AND CHALLENGES IN MICROFLUIDICS 

 

The number of papers on microfluidic applications has grown tremendously in the last 

decade (Figure 1.16),37,109,204 and several companies have been established to 

commercialize products based on microfluidic applications (Table 1.5). Most of the 

developments in miniaturization so far have focused on discrete components such as 

microchannels, microvalves, micropumps, and electrochemical sensors. However, total 

integration is critical to realize true µTAS devices. A review of the current literature 

shows that a large amount of work in microfluidics has been directed to the development 

of chip-based platforms with integrated functional modules. 
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Figure 1.16 Growth of microfluidics literature in the last 10 years. (Adapted from reference 

204). 

 

Table 1.5 Selected companies commercializing microfluidic applications. 

Company Application Website 

Caliper Tools for life science research http://www.caliperls.com/ 

Agilent 2100 DNA bioanalyzer http://www.chem.agilent.com/ 

Nanostream Parallel micro-LC http://www.nanostream.com/ 

Eksigent Nano-HPLC http://www.eksigent.com/ 

Micronit Glass CE microchips http://www.micronit.com 

Nanogen DNA and RNA analysis http://www.nanogen.com/ 

Epigem Microfabrication http://www.epigem.co.uk 

Dolomite Microfluidic applications http://www.dolomite-centre.com/ 
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Figure 1.17 shows the concept of a fluidic analytical microdevice in which many 

functions including sampling, mixing and separation can be performed simultaneously in 

a planar platform.205 

 

 

Figure 1.17. The lab-on-a-chip concept (reprinted with permission from reference 205, 

copyright 1999, American Chemical Society). 

 

Chip-based analytical devices must be able to provide reliable data that meets current 

quality assurance requirements in analytical laboratories. Thus, more effort is required to 

implement aspects such as validation, calibration and method development in 

microfluidic devices. One of the main challenges to obtain an integrated and functional 

µTAS device is sample preparation. This becomes more critical if one considers the 

complexity of samples such as biological fluids. Even with preprocessed samples, the 

problem of how to get samples into the chip remains. This issue is often called the world-

to-chip interface.166,203 Microfluidic chips have micrometer-dimension channels and are 

usually a few millimeters thick, which makes most conventional coupling techniques 

unrealistic. In addition, samples usually are present in much larger volumes than the 
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nanoliter-range that microchips can handle. In the same way, manipulation of nanoliter 

volumes with conventional sample preparation protocols is impractical. Thus, new 

coupling methods that are compatible with the chip size need to be developed to address 

these problems. 

 

In general, microfluidic devices must be able to manipulate μL to pL volume flows in 

micron-scale conduits. Flow control in microdevices is achieved through a combination 

of active and passive components including micropumps, valves, microchannels, reaction 

chambers, mixers, filters, microsensors and others. Any pumping actuation mechanism 

must be compatible with the separation and detection schemes in the chip. Currently, 

most microfluidic devices utilize electrokinetic pumps based on EOF. Unfortunately, this 

pumping strategy is incompatible with many applications in which samples cannot be 

exposed to high electric fields or when EOF does not occur. Therefore, new approaches 

are needed to effect pumping in microfabricated devices.  

 

LC is presently the most important separation technique in analytical chemistry; however, 

on-chip LC methods are highly underdeveloped. Despite interest in the miniaturization of 

LC, creative ideas are needed to overcome various challenges such as applying pressure 

in microchannels, introducing small amounts of sample with minimal dead volume and 

depositing stationary phases inside microchannels. Indeed, the implementation of chip-

based LC systems should enable the analysis of samples that cannot be exposed to high 

electric fields. 

 



 42

 

One weakness of miniaturization is the low yield of some methods for microdevice 

fabrication. The development of reliable and reproducible micromachining processes is a 

key concern, especially for mass production and commercialization of microchips. In 

addition, more flexible and reliable fabrication methods are needed to meet the demands 

for highly integrated microfabricated devices and expand the number of applications of 

microchips. Finally, it is necessary to develop manufacturing techniques for microfluidics 

that can be easily implemented by research groups with limited access to sophisticated 

instrumentation.  

 

 

1.4 MICROPUMPS FOR MICROFLUIDIC APPLICATIONS 

 

Micropumps transport samples and reagents from one point to another and are critical 

components of integrated and miniaturized microsystems. A variety of micropumps have 

been fabricated using micromachining techniques.206,207 Although the classification of 

micropumps is somewhat arbitrary in the literature, micropumps can be divided into 

mechanical and non-mechanical pumps (Figure 1.18).207  
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Figure 1.18. Micropump classification. 

 

1.4.1 Mechanical micropumps 

Mechanical micropumps require moving parts to produce pumping.207 Based on the way 

in which mechanical energy is applied to the fluid, these micropumps can be further 

categorized as either displacement or dynamic.206 There are two types of displacement 

micropumps (Figure 1.18). In both reciprocating and peristaltic pumps, the energy used 

for fluid pumping is applied by a force acting on a movable boundary. Usually, fluid flow 

is generated by means of pneumatic,208 piezoelectric,209 thermo-pneumatic210 or 

electrostatic211 actuators. In dynamic micropumps, energy is applied continuously to 

effect flow from the pump. 
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1.4.1.1 Reciprocating micropumps 

Reciprocating micropumps are often referred to as membrane-actuated or check-valve 

pumps.207 In these pumps, fluid flow is achieved by compression and expansion of a 

pressure chamber surrounded by a movable membrane (Figure 1.19).212 The maximum 

pressure and flow that can be achieved by these micropumps depends on the actuation 

mechanism used. To produce unidirectional fluid flow, reciprocating micropumps need to 

be connected to a check valve. A major drawback of these pumps is the difficulty of 

integration with microfluidic devices. 

 

 

Figure 1.19. Principle of actuation of a reciprocating mechanical micropump. 

 

1.4.1.2 Peristaltic micropumps 

The operational principle of these pumps is based on the peristaltic motion of the 

chambers, which causes flow in the desired direction. Figure 1.20 represents a general 

schematic representation of peristaltic pumping.213 Unlike reciprocating pumps, 

peristaltic micropumps do not need check valves to direct fluid flow.207 However, design 

and fabrication of peristaltic micropumps in conventional materials is somewhat 

complicated, which has limited their application in microfluidics.  
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PDMS is widely used as an 

actuator for peristaltic pumping. 

Normally, a layer of PDMS is 

bonded on top of the pump 

chambers. Fluid pumping occurs 

by sequential deflection of the 

PDMS layer on each of the 

micropump chambers, which 

causes directional fluid flow in 

the microdevice. 

 

1.4.1.3 Piezoelectric actuation  

The change in layer tension of a piezoelectric disc can be used for the deflection of a 

micropump chamber, increasing or decreasing the pressure depending on the direction of 

deflection. This pumping mechanism was first demonstrated by Smits214 and has been 

used recently in polymeric microchips.215,216 Piezoelectric actuation is attractive because 

the micropumps are relatively easy to fabricate, and can generate modest pressures (~300 

kPa) and high flow rates (35 mL/min). One disadvantage of this actuation mechanism is 

the use of high voltages (>1.0 kV).206,217 

 

Mechanical micropumps represent a sophisticated solution for pumping in microsystems. 

However, depending on the designs and materials used, costs of fabrication can be 

Figure 1.20. Schematic of an electrostatically
actuated peristaltic micropump. (a) Design: the 
moving membrane is displaced up and down. (b) 3-
phase peristaltic sequence. Arrows indicate pumping 
direction. Reprinted with permission from ref. 213; 
copyright 2004 Royal Society of Chemistry.

Figure 1.20. Schematic of an electrostatically
actuated peristaltic micropump. (a) Design: the 
moving membrane is displaced up and down. (b) 3-
phase peristaltic sequence. Arrows indicate pumping 
direction. Reprinted with permission from ref. 213; 
copyright 2004 Royal Society of Chemistry.
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prohibitive. Moreover, in some cases, the micropump materials are not compatible with 

reagents or samples used in microfluidic applications, which limits their utility. 

 

1.4.2 Non-mechanical micropumps 

In contrast to mechanical pumping actuators, non-mechanical micropumps do not use 

moving parts to effect flow.  Normally these devices work by converting one energy form 

into the kinetic energy of the liquid being pumped.206,207 Some non-mechanical pumps 

include: electroosmotic,218 magnetohydrodynamic,219 and electrochemical 

micropumps.220 Non-mechanical pumps are attractive because they can be relatively easy 

to fabricate and offer accurate control of very low flow rates (nL-μL/min).206,207 

 

1.4.2.1 Electrokinetic micropumps  

The fundamentals of EOF were discussed in Section 1.2.2. Electroosmotic pumps 

(EOPs), which use EOF to generate pressure, are widely used in microfluidic 

applications.29,207,218,221 The main advantages of EOPs are: absence of moving parts, fluid 

flow takes place over the entire length of a microchannel, and the flow can be controlled 

without valves by switching voltages.206 In addition, EOPs have the advantage of being 

compatible with aqueous solutions, which is desirable for working with buffers and 

biological fluids. A major drawback of EOPs is the requirement of high voltages (~kV) 

for generating high-pressure flows. Working with high electric fields can cause Joule 

heating, which affects pumping efficiency. Moreover, to obtain considerable flow and 

pressure using EOPs, it is necessary in most cases to fill the capillary or channel with a 

porous medium (e.g., a packed silica particle bed),218 or to construct small-diameter 
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microchannel network arrays,221,222 which makes microchip fabrication difficult.223 A 

paper by Lazar and Karger221 used traditional photolithography, wet etching and bonding 

to fabricate a platform consisting of 100 microchannels connected to two buffers 

reservoirs. These devices were able to achieve pressures up to 80 psi and were used to 

deliver peptide samples for MS detection. 

 

1.4.2.2 Electrohydrodynamic micropumps 

Electrohydrodynamic pumping is performed by the Coulombic force created when an 

electric field positioned between two electrodes interacts with a dielectric fluid.206 Two 

types of electrohydrodynamic pumps have been developed: induction and injection 

pumps.207 These pumps are limited to liquids with low conductivity (10-12 to 10-6 S/m), 

like organic solvents or oils. Therefore, pumping of aqueous solutions such as biological 

fluids is restricted. 

 

1.4.2.3 Electrochemical micropumps 

The electrolysis of liquids such as water to produce gases is a well-known process. When 

an adequate voltage is applied to deionized (DI) water via platinum or gold electrodes, 

the electrolysis reactions are: 

 

Anode:       2 H2O (l)     4H+   +   O2 (g)  +  4e-    (1.10) 

Cathode:        4H+   +   4e-        +   2H2 (g)    (1.11) 

Net equation:      2H2O (l)       O2 (g)   +    2H2 (g)    (1.12) 
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The build-up of electrolysis gases in an enclosed chamber causes an increase in pressure 

that can be used for pumping by production of bubbles224 or by deflection of a membrane 

that is in contact with the electrolyte solution.220 Although solutions other than water 

have been used for electrochemical pumping,225 aqueous electrolyte solutions are 

commonly used because of the low voltage needed to electrolyze water (E˚ = 1.23 V).226  

 

The maximum pressure generated by an electrochemical pump depends on the amount of 

gas generated during electrolysis. This relationship can be expressed using the ideal gas 

law: 

RTnpV T=      (1.13) 

 

where Tn  is the total moles generated and is equal to the moles of hydrogen (nH2) plus 

moles of oxygen (nO2) ( Tn  = 2nH2 + nO2). Based on Faraday's 1st Law of electrolysis, 

the amount of gas produced is determined by the current (I) that passes through the cell in 

a given time (t) according to: 

 

F
ItnH

22 =      (1.14) 

F
ItnO

42 =      (1.15) 

 

Combining equations (1.13), (1.14) and (1.15), the pressure times volume of the 

electrolysis gases from water can be expressed as: 
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According to equation (1.16), under ideal conditions, the pV  relationship of 

electrolytically produced gases increases with time and current passing through the 

electrodes. However, in reality the increase in pressure is limited by the effects of H2 and 

O2 pressure on the cell potential (according to the Nernst equation), leaks in the system, 

solubility of gases in the electrolyte solution or other electrochemical reactions.220,227  

 

Electrochemical pumps can work for bi-directional pumping by reversing the direction of 

the current, since the gases produced by electrolysis can recombine to form water. 

Electrochemically actuated micropumps have been used for dosing systems in 

applications in biology and medicine because they offer highly accurate and reproducible 

delivery.228,229 Due to their simple design and implementation, the use of electrochemical 

micropumps for microfluidic applications has grown considerably in recent years.230 

Some applications include pumping in microchannels,231 on-chip chromatography 

separations,232,233 and valve actuation.234  

 

1.5 MINIATURIZATION OF LIQUID CHROMATOGRAPHY 

 

While μCE has seen great success and widespread implementation, the development of 

chip-based LC has been slower (Figure 1.21). Due to its versatility and efficiency, the 

miniaturization of LC is particularly attractive because the experimental conditions can 
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be adapted for the analysis of various samples with different analyte compositions and 

polarities.235  

 

On the other hand, electrically-driven separation methods have some drawbacks, namely: 

(1) exposure of samples to high voltages, (2) Joule heating effects, and (3) sampling bias 

under applied electric fields. Table 1.6 shows a comparison of CE and LC. Because of 

the non-universal nature of electrophoretic separations, the development of chip-based 

LC is critical for miniaturization to have the greatest impact in separation science.236 A 

survey of the literature shows progress in developing pressure-driven separation 

microdevices237 and, importantly, that interest remains high. 

 

 

Figure 1.21. Comparison of reports on microchip LC and CE in the last 15 years. Citations 

containing the words on-chip capillary electrophoresis and on-chip liquid chromatography 

reported in the ISI Web of Science database were counted to generate the graph. 
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Table 1.6 Comparisons between LC and CE.238,239 

Liquid Chromatography Capillary Electrophoresis 

Pros: 
• Wide choice of detection modes 
• Good reproducibility 
• Many stationary phase options 
• Well-established methods 

Cons: 
• Uses high pressure pumps  
• Large organic solvent volumes 

Pros: 
• Simpler instrumentation 
• High separation efficiency 
• Low solvent consumption 

 
Cons: 

• Incompatible with low or high pH 
• Requires high voltages 

 

1.5.1 Advantages via miniaturization of LC 

The efficiency of any chromatographic technique depends on the selection of mobile and 

stationary phases for the separation of a given analyte.240  The advantages associated with 

shrinking LC and performing separations in micrometer-dimension channels are based on 

both improvements in efficiency and economical benefits. For example, reducing the 

column diameter potentially increases analyte interaction with stationary phase, and thus 

can improve the selectivity of the separation. In addition, the use of smaller diameter 

columns is associated with lower volumetric flow rates; therefore, less solvent is required 

and smaller sample amounts can be loaded into the column.  

 

These advantages have motivated separation scientists to reduce the diameter of the 

columns. More than two decades ago, Ishii241 classified LC separations based on the 

column internal diameter. Currently the different types of column chromatography are 

categorized based on the flow rate range rather than the column diameter (Table 1.7). 
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Table 1.7. Terminology used in LC techniques.242 

Column i.d. Flow rate Name 

3.2-4.6 mm 

1.5-3.2 mm 

0.5-1.5 mm 

150-500 µm 

10-150 µm 

0.5-2.0 mL/min 

100-500 µL/min 

10-100 µL/min 

1-10 µL/min 

10-1000 nL/min 

Conventional HPLC 

Microbore HPLC 

Micro-LC 

Capillary-LC 

Nano-LC 

 

The reduction of column diameter is directly related to a reduction in LOD. During the 

chromatography process, compounds are subject to dilution as they travel along the 

column. The dilution at the end of the column for an analyte can be expressed as:243 

 

inj

co

V
HLd

c
cD

4
22

max

πεπ
==     (1.17) 

 

where oc  is the initial concentration of the solute in the sample, maxc  is the concentration 

of the maximum of the peak, cd  is the column internal diameter, ε is the column 

porosity, L and H are the column length and plate height, respectively, and Vinj is the 

injection volume. Equation (1.17) shows that solute dilution during chromatography 

increases with the square of the column diameter; therefore, less dilution and hence, 

lower limits of detection can be obtained with smaller diameter columns. 
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1.5.2 On-chip LC approaches 

The idea of making microfabricated chromatographic devices13,31 was proposed before 

any work with microchip CE was published.35 Since then, only a few reports of chip-

based LC systems have appeared.21,92,198,232,233,237,244-247 Based on the classification in 

Table 1.7, it is interesting to note that most microchannels fabricated in planar substrates 

fit in the capillary and nano-LC category. However, unlike conventional cylindrical 

microcolumns, micromachined channels have rectangular, trapezoidal or semi-circular 

cross-sections.  

 

The first experimental results for a chip-based LC separation were presented in 1995.21 A 

microfabricated column in silicon was used to separate a mixture of fluorescent dyes 

(fluorescein sodium and acridine orange), yielding a somewhat unimpressive maximum 

of 200 theoretical plates in 3 minutes. Difficulties applying pressure to microfluidic 

channels have led scientists to explore alternative approaches for miniaturizing LC.  

 

Capillary electrochromatography (CEC) is a liquid-phase separation technique in which 

the mobile phase is transported through a stationary phase by EOF, rather than external 

pressure.248 The separation mechanism in CEC, therefore, is the result of the combination 

of chromatographic partitioning and electrophoretic migration. As a hybrid technique of 

microcolumn (capillary) LC and CE, CEC combines some of the best features of the 

parent techniques such as the high efficiency of CE and the high selectivity of LC.249 

Chromatographic separations in microchips using CEC have been somewhat more 

successful compared to pressure-driven methods.18,250-254 Fast (<45 s) microchip CEC 
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separation of peptides and amino acids has been reported,250 and speed in microchip CEC 

was superior compared to capillary-based CEC separations.250,251 However, CEC also has 

some drawbacks, mainly associated with the limitations of EOF discussed before. 

Moreover, some analytical separation problems are fundamentally incompatible with the 

principles of CEC, such as the separation of positively charged basic compounds.249  

 

1.5.3 Major challenges in miniaturizing LC 

1.5.3.1 Microchip LC integration  

One of the main challenges in the development of miniaturized LC systems is the need to 

miniaturize other device components to minimize the dead volume contribution. By 

comparing the flow rates in Table 1.7, it can be calculated that to minimize dead volume 

effects in microscale systems, flow rates, injection and detection volumes as well as 

connecting tubes should be approximately 2000 times smaller for a 100 µm i.d. capillary 

compared to conventional LC.242 Although microfabrication has the potential to allow 

monolithic integration of several components in a single substrate, most microfabricated 

LC devices reported to date have only miniaturized the separation column while still 

maintaining an external pumping mechanism such as syringe pumps,21,38 or connection to 

external pressurized gas cylinders or vacuum systems.255 Therefore, the development of 

pumping systems capable of applying pressure and generating the appropriate nL-µL 

flow rates in microfabricated channels is critical for the success of chip-based LC. 
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1.5.3.2 Column technology for microchip LC  

A second major challenge for the development of chip-based LC is the introduction of 

stationary phases into microchannels.236,237 Columns packed with porous materials are 

perhaps the most popular separation media for LC.240 However, introducing small-

diameter particles at desired locations within microchannels is not an easy task.252 One of 

the main problems associated with the preparation of packed beds in microfluidic 

channels is the construction and positioning of a retaining frit at the end of the channel. 

Several approaches have been undertaken to deal with this limitation, including new frit 

designs256 and entrapment of silica particles using sol-gel techniques. Verpoorte et al.254 

also reported the fritless fabrication of conventional particulate stationary phases for 

microfluidic applications. However, in this approach, the dimensions of the intersecting 

channels in the injection area, as well as those of a tapered column, needed to be 

controlled precisely to ensure uniform packing. 

 

During the last decade, a new category of materials called monoliths has been developed 

and used for chromatographic separations.257,258 A monolith is composed of a continuous 

piece of solid material with interconnected through-pores.259 Monolithic silica columns 

can be fabricated for microscale separations, allowing for a higher efficiency and greater 

permeability compared to conventional packed columns. Polymer-based monoliths can be 

prepared by in-situ polymerization of monomers in a column, which avoids the tedious 

step of column packing.259,260 Polymer monoliths prepared from materials such as 

acrylamide, styrene, divinyl benzene and methacrylate can be used for separations in 

CEC and HPLC.261-264 
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Monoliths have been used as separation media for chip-based CEC.250,251 There are many 

reasons why a monolith is a good choice for microfluidic devices. First, there is no need 

for packing the small structure of a microchannel because the monolith can be 

polymerized in-situ.259 Moreover, the walls of the channel can be modified by covalent 

bonding of the monolith to the channel surface.265 By using light-initiated 

polymerization, the monolith can be confined to the illuminated areas in the 

microchannel. Thus, detection windows and injection arms can be defined by selective 

casting of the polymer.251 Importantly, the high porosity and mass transfer achieved in 

monolithic structures should avoid the need for high-pressure pumping systems for 

potential applications in chip-based LC.246  

 

In order to overcome the obstacles associated with placing a packing material in small 

channels, open tubular columns that use a stationary phase support attached to the wall 

surface have been proposed.18,266 Indeed, microchannels have been coated using typical 

LC stationary phases.233 Ramsey et al.19 reported the fabrication of a wall-coated channel 

for performing open channel electrochromatography using octadecylsilane chemically 

bonded to the channel walls as a stationary phase. 

 

Although the development of microchip LC has been slow compared to electrically 

driven methods, in recent years significant progress has been made in the areas of fluid 

pumping and microchip column technology. Theoretical studies and preliminary reports 

have demonstrated that chip-based LC separations can reduce the analysis time and 
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increase sample throughput. Further work should focus on developing “chip-to-world” 

interconnects with minimal dead volume.  

 

 

1.6 DISSERTATION OVERVIEW 

 

In my dissertation, I describe efforts to develop new approaches to increase the potential 

of microfluidic devices for applications in analytical chemistry. This chapter gave a brief 

overview of the history, methodologies, developments, applications, current challenges 

and future trends in miniaturization. At the end of this chapter are listed significant 

references covering relevant work in the area. Chapters 2-6 focus on addressing some of 

the challenges in miniaturization mentioned in Section 1.3. 

 

In Chapter 2, I present the design, fabrication and evaluation of electrochemically 

actuated pumps for microfluidic applications. Pressure-driven pumping was performed in 

microfabricated channels by an increase in pressure generated by electrolysis gases in an 

enclosed chamber. This chapter serves as a proof of concept for electrochemical pumping 

in microfluidic devices. Chapter 3 is an extension of the work in Chapter 2, in which 

the electrochemical micropumps were integrated with microchannels, reservoirs and 

electrodes in glass substrates to develop microchip LC systems. A pressure-balanced 

injection mode was developed, and microdevices were evaluated for the chromatographic 

separation of fluorescently labeled amino acids. 
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Chapter 4, which also corresponds to Chapter 51 in the third edition of the Handbook of 

Capillary and Microchip Electrophoresis and Associated Microtechniques, edited by 

Prof. James P. Landers, introduces the following Chapters 5-6. In Chapter 4, I present 

the concepts, protocols and method development strategies to fabricate polymeric 

microchips using phase-changing sacrificial layers (PCSLs). The original fabrication of 

devices for μCE using PCSLs was accomplished by other reserchers in Prof. Woolley’s 

laboratory. In Chapter 5, I implemented the PCSL fabrication approach to make 

multilayer polymeric microdevices in PMMA. The fluidic and electrical independence of 

these multilayer systems was evaluated. Moreover, high-efficiency electrophoretic 

separations were performed in microdevices with microchannels crossing one another. 

Chapter 6 presents the PCSL-based fabrication of multilayer microdevices for 

multiplexed electrophoretic separations. The ability to make crossover microchannels 

facilitated the design and fabrication of multichannel microdevices with minimal fluidic 

inputs.  

 

Finally, in Chapter 7, I give general conclusions regarding my work and consider future 

directions in the field. 
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2. ELECTRICALLY ACTUATED, PRESSURE-DRIVEN 

MICROFLUIDIC PUMPS∗ 

 

2.1 INTRODUCTION 

Miniaturization of chemical analysis using tools developed in the microelectronics 

industry offers significant advantages in terms of speed, throughput, and sample and 

reagent consumption. The potential benefits of miniaturization are perhaps best illustrated 

with microchip capillary electrophoresis,1 where rapid, high-resolution, parallel analyses 

are readily performed.2,3 However, analysis is but one of several operations including 

mixing and moving analytes through capillaries that must be miniaturized for the lab-on-

a-chip concept to become a reality. Moreover, while electrically driven methods work 

well for analytes such as DNA,4-6 miniaturizing pressure-driven chromatographic 

separations would greatly expand the versatility of microfluidic analysis. Thus, the 

development of a simple, easily integrated micropump system for use with microfluidic 

instrumentation would be very desirable. 

Ideally, pumps should be miniaturized to reduce costs, facilitate their integration into 

microfluidic platforms, and eliminate the need for additional specialized or bulky 

equipment. Hence, pumps having small physical dimensions, but requiring connection to 

an external pressurized gas cylinder or vacuum system,7,8 fall short of ideal 

characteristics. Microelectromechanical system (MEMS)-based micropumps with 

mechanical actuators and check valves9-11 offer an elegant, though costly solution to 

                                                 
∗ This chapter is reproduced with permission from Lab Chip, 2003, 3, 217-220. Copyright 2003 The Royal Society of 
Chemistry. 
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pumping. While MEMS-based micropumps typically can have the fluid outlet integrated 

on-chip, these systems lack flexibility in integration with a wide range of microfluidic 

substrates. Other non-MEMS micropumps demonstrated to date rely on 

electromagnetic12,13 or electroosmotic14-16 forces. However, these micropumps have the 

disadvantages of requiring bulky electromagnets, high voltages, charged samples, or 

charged microchannel wall surfaces. In particular, electrophoretic and electroosmotic 

micropumps are very sensitive to sample characteristics such as pH, ionic strength, and 

organic additives.14  

While the concept of using gas from electrolysis to pump fluids is not new,17 a facile way 

to interface this pumping approach with a wide range of planar microfluidic substrates 

has not been devised. Initial electrolysis-based pumping techniques used the generated 

gas to actuate a membrane and displace fluid;17,18 however, these systems were intended 

primarily for ~10 mL drug delivery applications. Another early approach to the 

electrochemical pumping of liquids utilized electrolytic membranes;19 a variant of this 

type of pump is available commercially (medecell.com), albeit with 5–10 mL pump 

volumes that vastly exceed the needs of planar microfluidic substrates. More recently, 

electrolysis gas membrane displacement has been adapted to a micromachined format; 

however, only membrane displacement and not fluid pumping was studied.20 

Microfabrication techniques have also been applied to the direct displacement of fluid by 

electrolysis gas generation.21,22 While these micromachined pumps have outlets directly 

integrated on each device, the coupling of such pumps to different microfluidic substrates 

has not been demonstrated. Furthermore, although these systems are designed to allow 

pumping of a fluid different from the electrolysis solution, all results presented to date 
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have involved the pumping of aqueous KNO3 electrolysis solution.21,22 Thus, I was 

interested in developing low-cost micropumps that could be used to pump various types 

of liquids and could be integrated easily with different microfluidic substrates. 

Here, I present a novel design for an electrically actuated pressure-driven electrochemical 

micropump. In this format, the build-up of electrolysis gases in an enclosed chamber 

provides pressure for pumping. The micropumps have a poly(dimethylsiloxane) 

(PDMS)23 body, enabling them to be sealed reversibly over a microchannel reservoir, 

which facilitates integration with a variety of planar microfluidic substrates. Moreover, 

this pump design enables pumping of fluids different from the electrolyte solution. Other 

important features of this micropump configuration include construction from relatively 

inexpensive materials, use of low voltages, and facile ability to be interfaced with 

computer control. I tested a number of these devices in pumping experiments on 

microfluidic channels, studied their flow rate reproducibility, and compared the results 

with theoretical predictions. 

 

2.2 EXPERIMENTAL METHODS  

2.2.1 Micropump fabrication  

The micropumps were constructed by embedding polypropylene (PP) interior 

components in a PDMS (Sylgard 184, Dow Corning, Midland, MI) matrix (Figure 2.1). 

Briefly, the micropumps consist of two electrodes (EL) in an electrolyte chamber (EC) 

with a snugly fitting cap (SC). A small opening in the upper side of the EC leads to the 
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bottom of the device via a connector tube (CT). This enables pressure generated within 

the EC to be applied to a microchannel reservoir sealed beneath the lower opening of the 

CT. 

The first step in fabrication consisted 

of assembling the interior components. 

The EC was formed by removing the 

bottom conical portion of a 0.5 mL PP 

microcentrifuge tube and placing the 

cap from another microcentrifuge tube 

snugly in this opening to seal the 

bottom. A small hole was made near 

the top on the side of the 

microcentrifuge tube, into which the 

end of a 200 µL PP micropipette tip 

was inserted to form the CT. The EC 

was perforated with two additional 

holes, just large enough for the 

insertion of two platinum wire 

electrodes (32 gauge) wrapped around 

the stripped ends of insulated copper 

wire. 

1 cm

Figure. 2.1 Schematic drawing of a micropump
attached to a channel. (a) Side view of assembly. (b) 
Top view of pump system. (c) Photograph of an 
assembled micropump and microchannel, scale bar is 
1 cm. Legend: EL = electrodes, EC = electrolyte 
chamber, F = fluid to be pumped, C = channel, SC = 
snugly fitting cap on the electrolyte chamber, P = 
pump, CH = channel substrate, CT = connector tube. 
The micropumps had approximate dimensions of 5 cm 
× 3 cm × 2 cm. Two small air bubbles encased in the 
PMDS matrix during curing can be observed to the 
right of the CT in the pump body in (c).

1 cm1 cm

Figure. 2.1 Schematic drawing of a micropump
attached to a channel. (a) Side view of assembly. (b) 
Top view of pump system. (c) Photograph of an 
assembled micropump and microchannel, scale bar is 
1 cm. Legend: EL = electrodes, EC = electrolyte 
chamber, F = fluid to be pumped, C = channel, SC = 
snugly fitting cap on the electrolyte chamber, P = 
pump, CH = channel substrate, CT = connector tube. 
The micropumps had approximate dimensions of 5 cm 
× 3 cm × 2 cm. Two small air bubbles encased in the 
PMDS matrix during curing can be observed to the 
right of the CT in the pump body in (c).
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In preparation for casting the PDMS micropump, a glass microscope slide was placed on 

top of a sheet of aluminium foil, which was then folded above the four sides of the glass, 

making an open box to serve as the mold. The insulated copper leads were wrapped 

around the glass to facilitate casting into PDMS, and the glass bottom plate also provided 

a flat lower surface for the micropump. After casting, the smooth and flat lower surface 

enabled the micropump to seal tightly with the top surface of the microchannel substrate. 

The assembled interior components on the microscope slide were placed carefully into 

the aluminium foil mold, and a 1/4”-diameter steel ball bearing was placed on top of the 

EC to prevent it from floating in the uncured PDMS mixture. 

PDMS pre-polymer was mixed with curing agent at a 12:1 mass ratio. This mixture was 

degassed in a vacuum chamber and then poured into the mold to a level just above the top 

of the EC. Immediately after PDMS was poured into the mold, the assembly was placed 

into an oven, where it was cured at 90–130 °C for ~30 min until the device was firm to 

the touch. After the PDMS was fully cured, the aluminium foil, microscope slide, and 

excess cured PDMS were removed, including any elastomer at the bottom of the device 

blocking the lower opening of the CT. 

2.2.2 Microchannel substrates  

The microchannels used with the micropumps were fabricated according to an adaptation 

of a previously published procedure.24 Briefly, a ”-thick poly(methyl methacrylate) 

(PMMA) piece (Plaskolite, Columbus, OH) was imprinted with a photolithographically 

patterned and chemically etched silicon template having an elevated channel feature 54 

µm tall, 102 µm wide at half height, and 2 cm long. During imprinting the silicon 



 79

template and PMMA substrate were held together between glass microscope slides and 

aluminium blocks fastened with two 2” C-clamps for 30 min in a 140 °C oven. After 

imprinting, the silicon template and PMMA substrate were allowed to cool to room 

temperature and then were separated. The microchannel had reservoirs at both termini 

that were formed by drilling access holes at the ends of the microchannel in the imprinted 

substrate. The drilled, patterned PMMA sheet was bonded to an unimprinted ”-thick 

PMMA piece in a procedure similar to that of the imprinting. The substrates were 

clamped together, and the assembly was heated in an oven at 100 °C for 30 min, after 

which the setup was removed and allowed to cool to room temperature. Profilometry data 

and optical microscopy measurements indicate that the bonded PMMA microchannels 

were 54 µm tall and had respective top and base widths of 145 and 60 µm. 

 

2.2.3 LabVIEW interface  

An interface was created in National Instruments LabVIEW 6i (Austin, TX) running on a 

Dell (Round Rock, TX) computer with a PCI-6035E analog-to-digital/digital-to-analog 

converter card (National Instruments) for quantitative experiments with the micropumps. 

The LabVIEW program enabled setting a desired electrolysis voltage for a specified time. 

During pumping, a digital-to-analog line applied voltage to the device while an analog-

to-digital line recorded current through the pump. After the voltage was applied for the 

indicated length of time, a file was created and saved with the data from that trial. The 

data file included the current readings, the total amount of time during which voltage was 

applied, and the time that elapsed before the user indicated the end of a trial, which 
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occurred when the volume of fluid had been pumped completely through the 

microchannel. 

 

2.2.4 Pumping experiments  

Multiple trials were conducted to evaluate micropump performance with several different 

combinations of micropumps and microchannels. Each experiment measured the time 

required to pump 5 µL of water from one of the reservoirs through a microchannel to the 

exit reservoir, and the pump times were used to determine flow rates. The SC on the 

pump was removed, 150 µL of aqueous 0.1 M KNO3 was transferred with a micropipette 

into the EC, and then the SC was replaced. Next, the micropump was reversibly sealed to 

the microchannel substrate, with the opening at the bottom of the CT directly over the 

microchannel reservoir, as shown in Figure 2.1. Stripped ends from the insulated copper 

leads to the micropump were interfaced with the input/output card, and voltage settings 

were entered into the LabVIEW interface before pumping experiments started. Once the 

program was activated, voltage was applied to the micropump for the specified time 

duration. The pumping completion time could be entered manually into the program 

when all of the water had been pumped through the channel to the exit reservoir. This 

event was distinguished clearly by the passage of gas bubbles through the water in the 

exit reservoir. Between each pumping experiment, the 0.1 M KNO3 solution was 

removed from the EC, the bottom of the micropump was wiped with ethanol, and the 

water was removed from the microchannel by vacuum suction. 
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2.3 RESULTS AND DISCUSSION  

Preliminary pumping trials exhibited a broader range of flow rates than was desired (15–

37 µL min–1). Further experimentation revealed that much of this flow rate variability 

was due to the sequence of steps initially chosen for setup in pumping experiments. In 

these earlier trials, the micropump was sealed on the microchannel substrate before 

adding electrolyte solution to the EC. When the SC was replaced to seal the EC, a slight 

increase occurred in the pressure in the EC, which often caused fluid to flow before 

current was applied to the pump. The irregular occurrence of this premature fluid flow 

led to the broad range of measured flow values in these initial trials. Once this issue was 

identified, I changed the setup sequence to that described in Section 2.2.4, in all 

subsequent experiments such that the pump was sealed on the microchannel substrate 

only after the electrolyte solution had been added and the SC replaced. The revised 

experimental procedure greatly increased flow rate reproducibility (see Table 2.1). This 

premature fluid flow also explains the higher observed pumping rates in the initial 

experiments compared to the values reported in Table 2.1. 

Table 2.1 lists the average results of ~150 pumping experiments using different pump 

and microchannel combinations. Importantly, the range of pumping rates decreased about 

four-fold, while the reproducibility improved substantially relative to the initial trials. 

Indeed, the relative standard deviations of flow rates were 4% or less for 12 of the 15 

micropump-channel combinations, and as low as 1% in 5 of the 15 channel-pump pairs. 

This excellent reproducibility in flow rate should enable the application of these pumps in 

a number of microfluidic techniques. 
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Table 2.1 Average observed and predicted results from micropump trials using 

different pump and channel combinations. 

     Observed    Predicted 
   flow rate ± s Current ± s Pressure flow rate 

Pump Channel 
# of 
trials (µL/min)  mA kPa (µL/min) 

A 1 13 11.2 ± 0.4 12.1± 0.5 8.7 24 
A 2 8 13 ± 3 11 ± 2 6.9 19 
A 3 10 10.7 ± 0.8 11 ± 1 8.0 22 
A 4 15 10.8 ± 0.3 12 ± 1 8.8 24 
A 5 12 9.7 ± 0.3 10 ± 1 8.6 24 
B 1 9 9.7 ± 0.4 10.9 ± 0.7 8.1 22 
B 2 6 9.7 ± 0.5 12.8 ± 0.2 9.5 26 
B 3 10 9.9 ± 0.5 12.8 ± 0.1 9.3 26 
B 4 10 9.6 ± 0.3 12.7 ± 0.1 9.5 26 
B 5 10 8.7 ± 0.2 12.7 ± 0.1 10.6 29 
C 1 10 9.3 ± 0.1 8.9 ± 0.3 6.5 18 
C 2 10 9.8 ± 0.1 8.8 ± 0.3 6.2 17 
C 3 10 9.2 ± 0.1 8.5 ± 0.8 6.3 17 
C 4 10 8.8 ± 0.1 8.3 ± 0.4 6.5 18 
C 5 8 8.1 ± 0.1 8.2 ± 0.6 6.9 19 

 

From the average current during experiments, the pressure within the micropump 

chamber was estimated. Multiplying the current by the duration of pumping time, and 

then dividing by Faraday's constant yielded the number of moles of electrons transported 

in the experiments. Then, the moles of electrons were multiplied by the appropriate 

stoichiometric ratios from the half-reactions (2 moles of electrons per mole of H2(g) and 4 

moles of electrons per mole of O2(g)) to determine the moles of gas produced. Finally, the 

ideal gas law was used to calculate the average pressure increase within the micropump 

chamber at room temperature, accounting for the interior volume of each pump. These 

calculated pressures are listed in Table 2.1. 

The pressure-driven flow through a channel of circular cross-section can be calculated 

according to Equation 2.1:25 
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η
ν

Lf
PD

Re
2 2Δ

=     (2.1) 

Here, ν is the predicted linear flow velocity, Δp is the pressure difference between the 

two ends of the channel, D is the channel diameter, f is the friction factor, Re is the 

Reynolds number, L is the channel length, and η is the viscosity. The values of the 

friction factor and Reynolds number depend on the cross-sectional shape of the 

microchannel. I estimated fRe to be 56 for this channel geometry, based on tabulated 

values.26 Also, because microchannels have a trapezoidal as opposed to circular cross-

section, I can replace the diameter in equation 2.1 by the hydraulic diameter (Dh), as 

defined by equation 2.2: 

P
ADh

4
=              (2.2) 

In this equation, A is the cross-sectional area and P is the perimeter of the channel.25 

Substituting the channel parameters into equation 2.2 yields a hydraulic diameter of 65 

µm. Using the pressure data in Table 2.1, the calculated values of hydraulic diameter and 

fRe, the known channel length, and the viscosity for water, I calculated the predicted 

linear flow velocity for each pumping experiment. Multiplying the linear flow velocity by 

the channel cross-sectional area gave the volumetric flow rate for each pump–channel 

pair; these values are reported in the far-right column in Table 2.1. The measured flow 

rates are lower (on average) by a factor of 2.3 than the predicted flow rates, and range 

1.5–3.3 times lower. This observation is consistent with the known permeability of 

PDMS to gases,27,28 and probably indicates the loss of some electrolysis gases from the 

pump interior. Although the PP liners of the EC and CT were designed to reduce gas loss 
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through the PDMS, some leakage sites are likely still present. Another possible 

explanation for the difference in observed and calculated flow rates is the back reaction 

of H2 with O2 to form water. I believe this contribution to be less significant than 

diffusion through PDMS, since the platinum electrodes were submerged in solution, and 

the gaseous electrolysis products rapidly rose to the headspace above the electrolyte. I 

explored new pump designs that further reduced the amount of PDMS in contact with the 

pressurized electrolysis gases (results not included). However, it is important to note that 

the excellent flow rate reproducibility and reusable nature of these micropumps mean that 

the flow rate for a given pump can be determined empirically. This minimizes any impact 

from the difference between the observed and predicted flow rates on the application of 

these pumps in microfluidic experiments. 

Small differences in flow rates for the same micropump with different channels are likely 

due to minor variations in the surfaces of the PMMA substrates. Because of the critical 

importance of the seal between the PDMS pump and the surface around the reservoir, 

even small differences in the flatness of the microchannel substrates can affect the pump-

to-microchannel seal and, hence, the pressure and flow rate. Variations between the flow 

rates generated by different pumps on the same channel are probably caused by minor 

differences in pump characteristics, such as interior volumes, areas of exposed PDMS, 

and electrochemical cell resistance. The use of batch fabrication methods and alternate 

pump materials with lower gas permeability should improve pumping reproducibility 

even more. 
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To investigate further the general applicability of these micropumps, I performed 

additional experiments at lower flow rates and also determined the maximum pressure 

that could be sustained by these devices. Using pump B with channel 3, I applied 8 V 

instead of 10 V, and for four trials observed an average current of 7.9 mA and flow rate 

of 6.1 µL min–1. These results indicate that I can adjust the flow rate in a microchannel 

simply by modifying the applied voltage. I also calculated the maximum internal pressure 

that a micropump could hold by sealing pump B on a planar glass substrate without a 

channel, and then operating the pump until gas leakage was observed, typically in the 

interface between the SC and EC. From the time and current measured in three replicate 

experiments, I determined a maximum pump pressure of ~300 kPa. Additional 

improvements in micropump design that eliminate the SC should enable even higher 

pressures to be attained, potentially making electrolysis-based, pressure-driven 

micropumps usable for liquid chromatography work. 

The electrochemical micropumps that I have developed have several important 

advantages. First, they can operate with low applied voltages (<10 V) and, thus, are 

appropriate for interfacing with computer control. The small size of these micropumps 

(~30 cm3), as well as the potential for even further miniaturization, makes them well 

suited for use in lab-on-a-chip analysis devices. The PDMS composition of the 

micropumps enables reversible sealability with different microchannel substrates, which 

allows repeated use on various microfluidic arrays. Moreover, these devices should be 

able to pump a range of liquids, since the mechanism of operation involves applied 

pressure only. Finally, the components of these micropumps are relatively inexpensive, 

so devices could be mass-produced with low cost. 
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2.4 CONCLUSIONS  

I have demonstrated the successful development of novel electrically actuated integrated 

micropumps for microfluidic systems. With a 10 V applied potential, these micropumps 

can pump water through microchannels at rates of 8–13 µL min–1, in approximate 

agreement with theory. Smaller flow rates can be achieved with lower applied voltages, 

and the maximum pressure the current device design can sustain is ~300 kPa. Future 

work with these devices will include evaluating materials with lower gas permeability, 

and testing the pumping of different types of liquids through microchannels, to explore 

the potential for chromatographic applications. These micropumps should provide 

simple, inexpensive, and easily integrated components for microfluidic analysis. 
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3. ELECTRICALLY ACTUATED, PRESSURE-DRIVEN 

LIQUID CHROMATOGRAPHY SEPARATIONS IN 

MICROFABRICATED DEVICES∗ 

 

3.1 INTRODUCTION 

Miniaturization of analytical techniques holds great potential for performing a variety of 

sample-limited assays, especially because of the possibility of integrating multiple 

analysis steps in a single substrate.1 Since first demonstrated in 1992,2 capillary 

electrophoresis in microfabricated devices has seen significant advances, and numerous 

chemical and biological applications have been reported.1,3,4 Electrically driven methods 

are well-suited for miniaturization, since electroosmotic flow (EOF) can be controlled 

without valves or external pumps. However, EOF pumping and fluid transport have 

inherent issues that may limit their broad application in miniaturized methods. For 

example, EOF typically requires high voltages (kV) and is affected by Joule heating; 

moreover, EOF is sensitive to the solution pH and column surface charge. Finally, 

electrophoretic techniques are optimal for charged analytes that can be exposed to an 

electric field.5,6 

 

On the other hand, pressurized separation methods such as liquid chromatography (LC) 

are more general and broadly used. In 1990, Manz et al.7 presented advantages of the 

miniaturization of LC; even though no experimental data were provided, this paper 

                                                 
∗ This chapter is reproduced with permission from Lab Chip, 2007, 7, 1524-1531, Copyright 2007, The Royal Society 
of Chemistry. 
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showed that theoretically, the performance per unit time should be superior in microchips 

compared to conventional LC. Three critical elements for a fully miniaturized LC system 

are:5,7,8 (i) integration of a pumping mechanism capable of generating pressure and flow 

compatible with microchannel dimensions; (ii) incorporation of a separation medium 

inside microchannels; and (iii) a minimal dead volume interface of the separation column 

with the pumping and injection mechanism. Despite the challenges it presents, the 

miniaturization of pressure-driven separation methods is of great interest;5,7,8 however, 

most reports have focused on micromachining a separation column while maintaining an 

external pumping mechanism.9-17 Thus, the full advantages of LC miniaturization were 

not realized. Two recent studies have made important progress in the development of 

miniaturized LC systems with integrated pumping and injection. Lazar et al.18 fabricated 

an LC microdevice with integrated EOF micropumps for sample valving and separation. 

However, this approach required the use of relatively high electric fields (500 V/cm), was 

limited to solutions with low organic solvent concentrations, and was relatively slow 

(~40 min elution times). In other work, a hybrid silicon-parylene microfluidic chip with 

integrated electrochemical micropumps for sample injection and separation was used for 

the LC analysis of protein digests.19 This report demonstrated the advantages of having a 

minimal dead volume between injection and separation, but again suffered from long 

analysis times (~1 h). 

 

A variety of micropumps have been constructed for microfluidic applications.20-23 

Mechanical pumps24,25 use moving parts, have relatively complex fabrication and often 

face challenges in integration with microfluidic systems in terms of materials 
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compatibility with solutions and samples. Non-mechanical pumps based on 

electroosmotic,26 magnetohydrodynamic27 or electrochemical actuation,28 are thus 

appealing alternatives. Electroosmotic pumps, which generate pressure with EOF, are 

perhaps the most widely used micropumps in microfluidics applications.26 However, to 

obtain appropriate flow rates, it is often necessary to apply high voltages (~kV) and make 

either packed small-diameter columns or microchannel network arrays,29,30 which 

complicate the fabrication process. Moreover, electroosmotic pumps are only suitable for 

operation within a certain range of solution pH and conductance values. 

 

Column technology for microchip LC is a key challenge.8 Packing microchannels with 

particles as in conventional LC is difficult to achieve due to pressure constraints and 

difficulties in forming frits inside microchannels.31 In 1998, Regnier et al.32 demonstrated 

surface-modified micromachined posts, as a mimic of a packed microcolumn. While this 

approach was compatible with micromachining techniques, it was hindered by expensive 

fabrication protocols involving deep reactive ion etching. Moreover, non-uniform height 

of the microposts inside the channel prevented tight sealing of the microstructures. The 

possibility of performing separations in monolithic stationary phases or open tubular 

columns has given new opportunities for the development of miniaturized LC. The 

fabrication of monolithic structures inside microchannels has been demonstrated33 and is 

becoming a promising approach, provided uniform monoliths in microchips with low 

back pressure are constructed.  
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The use of capillaries for open tubular liquid chromatography (OTLC) was first proposed 

by Jorgenson et al.34 A key advantage of OTLC is lower back pressure than packed or 

monolithic columns, leading to faster analysis times. The main disadvantages of OTLC 

relative to packed column LC are slower mass transfer into the stationary phase and 

reduced sample capacity due to lower stationary phase volume. Importantly, 

micromachined systems can have small channel cross sections, increasing the mass 

transfer to the stationary phase. Theoretical work on OTLC has shown that band 

dispersion is lowest for microchannels with high aspect ratios.35,36 Jacobson et al.37 

reported the use of high aspect ratio microchannels to perform open channel 

electrochromatography. Later, the same group determined that 5 μm channel depths were 

a good compromise between efficiency and ease of operation.38 Although these devices 

were not tested for pressure-driven separations, the electrochromatography results 

indicate that open tubular microchannels are an attractive option for microchip 

chromatography.  

 

In recent years, great interest has arisen in developing electrochemical systems for 

microchip pumping,39 resulting in devices for valve actuation,40 and dosing systems for 

applications in biology and medicine.41,42 I have shown that the pressure caused by the 

build-up of electrolysis gases in an enclosed chamber can pump liquids in fluidic 

microchannels.43 These electrochemical micropumps are integrated easily with 

microfluidics and can pump liquids with rates as high as ~10 μL/min. More recently, 

electrochemical actuation was demonstrated for sample delivery and solvent gradient 

generation in electrospray ionization mass spectrometry analysis.44 Many features of 
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electrolysis, including simple instrumentation, rapid response time, low power 

consumption, and limited heat generation,45 make it an attractive candidate for on-chip 

LC pumping. Moreover, a constant volume, electrolysis-based actuator can generate a 

maximum pressure of ~200 MPa.46 Surprisingly, only one report19 has appeared on the 

use of electrolysis-based micropumps in LC; while this initial work demonstrated 

feasibility, the separation time (~1 h) was not different from conventional LC. 

 

In this paper, I describe the design, fabrication and characterization of electrically 

actuated micropumps for pressure-driven LC in microchips. Micropumps were made in 

glass and integrated with microfabricated channels in the same substrate. A pressure-

balanced injection approach was implemented by controlling the electrolysis time and 

voltage applied to the mobile phase and sample micropumps. I studied parameters 

affecting the reproducibility of the system, and the effects of column coating, amount of 

sample injected and mobile phase composition on performance. Finally, these devices 

were evaluated in electrolysis-based injection and LC separation of fluorescently labeled 

amino acids.  

 

3.2 EXPERIMENTAL 

3.2.1 Chemicals 

Amino acids were obtained from ICN Biomedicals (Aurora, OH). Fluorescein-5-

isothiocyanate (FITC) was from Molecular Probes (Eugene, OR). Reagent-grade solvents 

including acetonitrile, methanol, acetone, and isopropanol were obtained from Fisher 

Scientific (Fair Lawn, NJ). Potassium nitrate, hydrogen peroxide and sulfuric acid were 
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from Sigma (St. Louis, MO). Buffer solutions were prepared using deionized (DI) water 

(18.3 MΩ·cm), which was obtained from an Easypure UV/UF purification system 

(Dubuque, IA). 

 

3.2.2 Device fabrication 

The integrated micropump-

microchannel systems are 

composed of a three-layer glass 

sandwich as illustrated in 

Figure 3.1. The bottom layer 

contains microchannels for 

sample injection and 

separation. The middle layer 

contains through-holes which 

form the reservoirs for sample, 

eluent, and electrolyte solution. 

A pressure transfer tube (PT) 

on top of the middle layer 

connects one micropump with 

the sample reservoir (SR) and 

another micropump with the 

eluent reservoir (ER). Finally, 

access holes drilled in the top 
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Figure 3.1. Schematics of the fabrication process to 
integrate micropumps with microchannels for 
microchip LC (drawings not to scale, specific details in 
the text). (A) Two masks are used to pattern the 
microchannels and micropumps in the bottom and 
middle layers. (B) Alignment of layers. (C) The final 
device containing sample and eluent pumps integrated 
with microchannels is formed by thermally bonding all 
the pieces together. 
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the text). (A) Two masks are used to pattern the 
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the pieces together. 
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piece facilitate the introduction of sample, eluent and electrolyte solution into their 

respective reservoirs. Devices were made from microscopes slides (75 x 50 x 1 mm, 

Fisher). The fabrication process employed a combination of photolithography, wet-

chemical etching, through-drilling with diamond-tipped bits (DiamondBurs.Net, Tucker, 

GA) and thermal bonding. 

 

3.2.3 Substrate cleaning 

Microscope slides were immersed in boiling piranha solution (H2SO4/H2O2, 3/1) for 10 

min, rinsed with DI water and dried using nitrogen gas. Prior to photolithography, 

substrates were cleaned with acetone and isopropanol. Slides were then dehydrated in an 

Ultra-Clean 100 oven (Lab-Line Instruments, Melrose Park, IL) for 5 min at 120 ºC. 

 

3.2.4 Photolithography 

The glass slides were spin-coated with the adhesion promoter SurPass 4000 (Dischem, 

Ridgway, PA) at 4000 rpm for 45 s and baked on a hot plate at 90 ºC for 60 s. Then, 

substrates were coated with AZ 3330 positive photoresist (Clariant, Germany) and baked 

again for 60 s at 90 ºC.  

 

The photoresist was exposed to UV radiation with a 250 W mercury source for 14 s 

through a patterning mask using a MA150 CC aligner (Karl Suss America, Waterbury 

Center, VT). The photomasks were drawn using mask layout software (WieWeb) and 

printed onto transparency film with a 3600 dpi printer at the BYU Print and Mail 

Production Center.  
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Two masks were used in microfabrication (Figure 3.1A). The first mask, which was used 

to pattern the bottom layer of the glass microdevices, contained a 3-cm-long separation 

column and two arms (1 cm each), one connected to the SR and the other to the ER. 

Channel linewidths in the mask were 100 μm. Four 1.5 x 9 mm rectangular features in 

this mask defined the areas for thermal deposition of the electrodes. The second mask 

was used to pattern the middle layer in the micropump-microchannel devices and 

contained two 1-cm-long x 200-μm-wide channels connecting the micropump chambers 

to either the SR or ER. Following exposure, the features from the photomask were 

developed in the photoresist by immersing the substrates in AZ 300 MIF developing 

solution (Clariant) for 45 s. After rinsing in DI water and drying by N2 gas, the patterned 

substrates were hard baked at 115 ºC for 20 min.  

 

3.2.5 Etching 

Unprotected areas on the glass substrates were etched isotropically by submerging the 

slides in 10% buffered oxide etchant (BOE, Transene, Danvers, MA). The bottom layer 

was immersed in BOE for 6 min, and the middle layer was exposed for up to 18 min. 

During the etching process, substrates were removed from the BOE bath every 3 min and 

immersed in 1 M HCl for 10 min to remove any insoluble fluoride products formed.47 

 

3.2.6 Electrode deposition 

Gold electrodes (2500 Å atop a 200 Å Cr adhesion layer) were deposited thermally on the 

upper surface of the bottom layer using a CHA 600 thermal evaporator (CHA Industries, 
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Fremont, CA). To improve metal adhesion to the glass, substrates went through an 

oxygen plasma cleaning step for 15 s using a Sunbird plasma enhanced chemical vapor 

deposition system (SHS Equipment, Milpitas, CA), followed by a 15 s dip in BOE 

solution and a 15 s dip in 1 M HCl. During metal deposition, the microchannels were 

covered to keep Cr/Au out of the separation system. A lift-off process involving 

immersion of the glass slides in acetone for 15 min removed the photoresist, leaving 

patterned electrodes. 

 

3.2.7 Reservoir drilling 

Reservoirs for sample, eluent, and electrolyte solutions; and holes for electrode contacts 

were milled in the middle glass substrate with diamond-tipped bits using a bench-top drill 

press (Cameron Micro Drill Presses, Sonora, CA). This process was performed with the 

glass devices immersed in water to avoid thermal stress and breakage. Three 2.5-mm-

diameter through-holes formed the ER, SR and waste reservoir (WR). Two 1.0-cm-

diameter reservoirs were made to contain the electrolyte solution in the eluent pump (EP) 

and injection pump (IP). Five 1.5-mm-diameter holes were drilled in the cover piece for 

access to load sample, eluent and electrolyte solution into their respective reservoirs. 

Finally, four 1/32”-diameter holes were opened in the top layer to facilitate contacting the 

electrodes. 

 

3.2.8 Bonding 

Prior to bonding, the glass slides were trimmed to 50 x 35 mm. Then, the substrates were 

cleaned with acetone and isopropanol to remove particles, dust and organic 
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contamination. To increase the hydrophilicity of the glass surfaces, substrates (except the 

bottom layer containing gold electrodes) were immersed in boiling piranha solution for 

10 min and soaked in concentrated sulfuric acid for 6 h. Finally, glass slides were rinsed 

with DI water under pressure for 5 min. Bonding was carried out by manually aligning 

the pieces as shown in Figure 3.1B. In some devices, we increased the volume of the 

micropumps and reservoirs by stacking three or four glass pieces with drilled holes as the 

middle layer. A few drops of water were added between the glass slides to help maintain 

alignment. The glass stack was sandwiched between polished quartz plates and held 

together using a high-temperature-alloy clamp. The assembly was placed inside a 

BF51800 furnace (Lindberg/Blue, Asheville, NC). The optimized bonding conditions 

involved ramping at 5 ºC/min to 620 ºC and holding for 5 h, followed by cooling to room 

temperature. Bonded devices had Nanoport reservoirs (Upchurch Scientific, Oak Harbor, 

WA) attached to the top surface, and electrical connections to the thin-film electrodes 

were made using Pt wires and conductive epoxy (Chemtronics, Kennesaw, GA). 

 

3.2.9 Microchannel coating procedure 

Octadecylsilane-coated microchannels were produced according to the method of Kutter 

et al.38 Silanol groups were activated by pumping successively through the channels 1 M 

NaOH, DI water, 1 M HCl, DI water and methanol for 10 min each. Next, microdevices 

were dried at 110 ºC overnight, and the microchannels were purged with N2 for 20 min at 

room temperature. The silane solution was prepared in dry toluene and contained 10% 

(w/w) chlorodimethyloctadecylsilane (Aldrich) with 50 μg/mL n-butylamine as a 

catalyst. After passing through a 0.45-μm filter (Pall, East Hills, NY), the coating 
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solution was aspirated via the WR through the separation channel for 12 h at room 

temperature, followed by rinses with toluene and methanol to remove any unreacted 

silane. Vacuum (as opposed to pressure) loading for surface derivatization prevented 

stationary phase deposition and analyte retention in the injection channel. 

 

3.2.10 Sample preparation 

FITC-labeled aspartic acid, glycine and phenylalanine were made according to a 

procedure described before.48 Once prepared, aliquots of the FITC-tagged amino acids 

were combined and diluted to 0.5 μM in methanol or mobile phase. 

 

3.2.11 Device operation 

Pressure-balanced injection was performed by independently controlling the electrolysis 

time and voltage applied in the electrochemical micropumps (IP and EP) in the devices. 

A schematic diagram of the pressure-balanced injection approach is shown in Figure 3.2. 

For sample injection and separation, microchannels were filled by pipetting 20 μL of 

mobile phase via the Nanoports into the ER and SR, and applying vacuum to the WR. 

Then, 300 μL of electrolyte solution (0.1 M KNO3) were loaded via the Nanoports into 

the IP and EP, after which they were capped using sealing nuts (Upchurch). Following 

this, the mobile phase in the SR was removed and replaced with ~10 μL of sample, and if 

needed, the ER was re-filled with mobile phase. Both the SR and ER Nanoports were 

then sealed in a manner similar to the micropumps. To equilibrate a device (Figure 

3.2B), 20 V were applied to the EP for ~5 s until the microchannels were bubble-free and 

entirely filled with mobile phase. Then, for injection (Figure 3.2C), 20 V were applied to 
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the IP while the voltage at the EP was turned off. After a time empirically optimized for 

each device (5-8 s), which allowed a plug of sample to be transferred to the microchannel 

intersection, the IP was turned off and 25 V were applied to the EP to pump the injected 

sample through the separation column, as shown in Figure 3.2D.  

 

 

Figure 3.2. Schematic representation of the pressure-balanced injection approach. (A) 
Device layout. (B) Equilibration; microchannels are filled with eluent; the EP is on and the 
IP is off. (C) Injection; a sample plug is transferred to the microchannel intersection with 
the EP off and the IP on. (D) Separation; the EP is on and the IP is off. 
 
 

The pressure-balanced injection mode was optimized with fluorescein and FITC-labeled 
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separated. For all experiments, laser-induced fluorescence detection was conducted in the 

separation channel at a 2.5-cm distance from the injection intersection. The detection 

system has been described elsewhere;49 briefly, the 488 nm line from an argon ion laser 

was focused ~5 mm from the end of the separation channel. Fluorescence was collected 

with the same objective, spectrally and spatially filtered, and detected by a 

photomultiplier tube. 

 

3.3. RESULTS AND DISCUSSION 

Figure 3.3A shows a microchannel-reservoir intersection after etching at room 

temperature for 18 min in BOE. The etching rate under my experimental conditions was 

0.8 μm/min, which is similar to the value of 0.9 μm/min obtained by Lin et al.47 The 

glass substrates containing the separation column were etched for 6 min to produce ~5 

μm deep microchannels. Figure 3.3B shows a cross-sectional electron micrograph of a 

microchannel after bonding of a cover plate. Separation channel widths after wet 

chemical isotropic etching were 105-110 μm. As seen in Figure 3.3B, the thermal 

enclosure protocol produced well-bonded devices since there is no visible interface 

between the two plates. Figure 3.3C shows a photograph of a completed device, and a 

close up of a pump/reservoir (with Nanoports and electrical connections) is shown in 

Figure 3.3D. 

Microdevices with one intermediate layer only pumped for short (10-15 s) periods.  Thus, 

I made multilayer microdevices with larger electrolyte reservoir volumes as described in 

Section 3.2.8 The average reservoir volume in single- and four-intermediate-layer devices 

was determined to be 120 μL (n = 3) and 460 μL (n = 6), with relative standard 
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deviations (RSDs) of 6% and 10%, respectively. These minor variations in volume had 

little effect on device-to-device injection and separation reproducibility. 

 

Figure 3.3 Device images. (A) Photograph of the intersection of a microchannel and 
reservoir etched 18 min in BOE. (B) Electron micrograph of the microchannel cross 
sectional area. (C) Photograph of a bonded device. (D) Image of a microchip with attached 
Nanoports that facilitate introduction of eluent and electrolyte solution. 

 

To characterize pumping rates, a ruler was attached to the bottom of a microdevice and a 

colored solution was pumped through the microchannel from the ER to the WR by 

electrochemical actuation. A flow rate of 210 nL/min (7.1 mm/s) was observed for an 

electrolysis potential of 15 V. The RSD for the flow rate measurement was 4.2% (n = 5). 

The ability of the micropumps to operate against elevated back pressure was evaluated by 

connecting a gas cylinder with a pressure regulator to the WR via the Nanoport. Pumping 
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of the colored solution was performed as above, but in this case against 100 psi. A flow 

rate of 86 nL/min, (RSD = 7.9%, n = 5) was measured for this experiment, which is 

comparable to published results for electrochemically driven pumping44 and is suitable 

for microchip LC.50 

 

Due to the oxidizing character of the KNO3 electrolyte solution and the voltage applied 

through the micropumps, gold electrodes typically lasted for 15-20 runs. Device lifetime 

could be extended with similar performance using Pt wires inserted through drilled holes 

in the bottom of the pump reservoirs and sealed with epoxy. 

 

I first evaluated and optimized the pressure-balanced injection approach using 5 μM 

fluorescein. Multiple injections were made to find the optimal injection time, determined 

as the time at which the fluorescent sample plug reached the microchannel intersection. 

For most experiments (performed in seven different devices) this time was 5-8 s. 

Importantly, for this injection protocol, the amount of sample loaded can be controlled by 

the pumping time of the IP, which defines the length of the injected sample plug. For an 

injection time of 6 s, the plug length (measured at the full width at half maximum) was 

estimated to be 90-100 μm, corresponding to an injection volume of ~50 pL, which is in 

the desirable range for microchip LC.51 

 

To characterize the reproducibility of the pressure-balanced injection protocol for sample 

introduction, I studied the injection and detection of a single analyte. For non-optimal 

mobile phase compositions and pH values, I obtained broad peaks (results not shown). I 
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optimized the mobile phase composition and pH, since these parameters have been 

shown to affect the efficiency of separation of similar, phenylisothiocyanate-derivatized 

amino acids.52,53 I was able to obtain relatively narrow, well-defined peaks using 70/30 

acetonitrile/50 mM acetate buffer (pH 

5.45) as the mobile phase. 

 

Figure 3.4 shows the results obtained 

for repetitive injections of FITC-

labeled glycine with detection at a 

point 2.5 cm downstream. The 

reproducibility of the retention time of 

the FITC-glycine peak is promising 

but not optimal (7.2% RSD). I 

hypothesized that stochastic bubble 

formation at the surface of the 

electrodes caused variations in the 

current and, hence, pressure for 

pumping. Thus, I recorded the current 

across the micropump during 

electrolysis of the KNO3 solution, and 

Figure 3.5 indicates that the current 

varied between runs. In some 

experiments, the current changed by 
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less than a few percent, while in others greater deviations were observed. Figure 3.5 also 

shows that larger current changes were experienced with increased electrolysis time, and 

current typically decreased over time for constant voltage operation. A 24% RSD in 

current was observed after 120 s, whereas after only 30 s, a much smaller 5.5% RSD was 

measured. Importantly, this latter value is close to the retention time RSD for the FITC-

glycine peak, which eluted at ~30 s. These results lend strong support to my hypothesis 

that partial current interruption by the presence of bubbles on the electrode surface was 

the main source of retention time variability. I also note that this pumping system is best 

suited for relatively fast (<1 min) microchip LC analysis. 

 

The performance of the LC 

microdevices was further evaluated in 

separation of three FITC-labeled 

amino acids. For these experiments, I 

used the analysis conditions described 

before, which were optimized for the 

injection of a single peak. Figure 3.6 

presents chromatograms of three 

replicate electrolysis-based pressure-

driven LC microchip separations of 

aspartic acid, glycine and phenylalanine in ~35 s. Peak identities were determined by the 

elution times of individually injected amino acids and are consistent with analyte 

polarities. I observed that the reproducibility of the retention time decreased with 
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Figure 3.5. Variation of the current in the 
electrolysis chamber as a function of time. The 
current in the same pump was monitored 
during nine consecutive runs. 
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increasing retention time. The RSD for the retention time of the first peak was 2.2%, 

compared to 7.7% for the last peak. An efficiency (N) of 3350 theoretical plates was 

obtained for the aspartic acid peak, which corresponds to a plate height (H) of 7.5 μm for 

the 2.5 cm separation channel. This value improves over prior plate heights (12-50 μm) 

reported for microchip OTLC without integrated pumping.54  

The higher efficiency of my system is 

likely due to smaller injected volumes 

and the use of shallower channels. 

Microchannel geometry influences the 

efficiency in pressure-driven LC 

separations,35 and large aspect ratio 

(e.g., shallow) channels should reduce 

analyte dispersion effects from less 

efficient mass transfer to the stationary 

phase.55,56 Importantly, these channel 

dimensions are in the range predicted 

for optimal OTLC separations.7,9 

Another key advantage of my system is 

that it allows the injection of pL-range 

samples with no dead volume between 

the injector and column, which is 

critical for high-efficiency microchip 

LC.  
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Figure 3.6. Chromatographic separation of a 
mixture of 0.5 μM FITC-derivatized amino 
acids in an electrochemically pumped 2.5 cm 
x 100 μm x 5 μm LC microchip column. 
Peaks are: (A) aspartic acid, (B) glycine and 
(C) phenylalanine. Mobile phase was 70% 
acetonitrile/30% 50 mM acetate (pH 5.45).
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The peaks in Figure 3.6 were either baseline or nearly baseline separated, and the 

resolution between aspartic acid and glycine was 1.2 (RSD = 8.0%, n = 3). This value is 

lower compared to that for the same peaks in conventional HPLC (~24),57 which uses 

both gradient elution and longer columns. However, improved resolution could be 

achieved in my device by incorporating another EP to deliver a second mobile phase in 

the system, enabling gradient elution. Importantly, the separations obtained are ~20 fold 

faster than those achieved by conventional LC.53 Furthermore, the separation efficiency 

of my devices could be improved by using microchannels with a double-etched profile 

near the column sidewalls to reduce band dispersion, as proposed by Dutta et al.55,56 

 

3.4 CONCLUSIONS 

Here, I demonstrate rapid microchip LC analysis with integrated electrolysis-based 

pumping. I have developed a straightforward microfabrication strategy for interfacing 

microfluidic channels with electrically actuated micropumps in a single substrate. A 

pressure-balanced sample injection approach was devised for microchip LC, allowing the 

introduction of pL-range sample volumes without valves or other components that are 

difficult to integrate in microdevices. On-chip LC separation of amino acids was carried 

out successfully in <40 s with good efficiency (3350 theoretical plates). Current stability 

in the micropumps represented the main limitation in analysis reproducibility. Improved 

electrode designs with greater surface area and feedback loop current control of the 

micropumps should improve results. The approach presented holds great potential for the 

miniaturization of pressure-driven separations or other pumping applications in which 

nL/min - μL/min volumes must be delivered in a simple and compact format. 
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4. USING PHASE-CHANGING SACRIFICIAL MATERIALS 

TO FABRICATE MICRODEVICES FOR CHEMICAL 

ANALYSIS∗ 
 

4.1. INTRODUCTION  

Polymer microchips are expected to contribute significantly to biological analysis in the 

postgenome era, especially in the field of proteomics.1,2 Considerable research has 

already focused on separations, the use of new materials, and transferring conventional 

analysis methods to a microchip platform; however, more work remains to enable the 

exploitation of the full potential of plastic microdevices. In particular, the use of 

conventional device bonding techniques has limited the broad application of polymer 

microchips.  

 
Solvent bonding is an attractive alternative to conventional thermal bonding.3-7 In 

principle, solvent bonding of polymer substrates should produce robustly enclosed 

microchannels due to the strong molecular interaction between the surfaces. However, 

the use of this technique has been limited due to the ease with which microchannels can 

be blocked by dissolved polymer, or swelling or softening of the substrate. Recently, 

Shah et al.6 reported the enclosure of polymer microfluidic devices by inducing a flow of 

solvent through a microfabricated channel via capillary action. This approach was simple 

to implement, but the bond strength of the microdevices was low (80 psi), which would 

limit applications that require pumping of viscous gels or chromatographic stationary 

phases into microchannels under pressure. Therefore, the development of fabrication 
                                                 
∗ This Chapter is modified from Chapter 51 in: Handbook of Capillary and Microchip Electrophoresis and Associated 
Microtechniques, 3rd Edition, Landers, J.P., Ed; Copyright CRC Press, 2007 
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protocols that more fully realize the advantages of solvent bonding are warranted.  

 

This chapter describes the theory, methodology and application of a microfabrication 

process that uses phase-changing sacrificial layers (PCSLs) as intermediates to protect 

microchannel features during bonding or hydrogel polymerization. The content focuses 

on key process details associated with the fabrication of microchips, and the application 

of PCSL-formed microfluidic devices in CE separations and other electric field-based 

analysis methods. Finally, I provide a brief overview of potential future trends and 

applications of PCSL fabrication methods in microfluidics. 

 

4.2. BACKGROUND AND THEORY 

In the past 15 years, the use of microfluidic devices for chemical analysis has increased 

tremendously. Indeed, a broad range of chromatographic and electrophoretic separation 

methods have been implemented in microchips.8 However, for widespread utilization of 

microfabricated devices in analysis applications, particularly in the field of proteomics, 

further efforts are needed to develop simple fabrication techniques that achieve functional 

integration of multiple tasks in a single device.9 In this section, I describe the fabrication 

of microdevices using sacrificial materials and discuss some of the advantages of this 

approach over conventional microfabrication methods. 

 

4.2.1 Sacrificial materials 

Microfabrication using sacrificial layers is well-developed in the field of micro electro 

mechanical systems (MEMS). Reports include the fabrication of micro- and 
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nanomechanical components,10 electroosmotic micropumps in silicon and glass 

substrates,11 and nano-12 or microchannels13,14 with potential applications in biology.15 

Unlike bonding protocols, in which a cover plate is affixed to a patterned substrate to seal 

microchannels, sacrificial layer methods can obviate the bonding step, making this 

approach very attractive.16,17  

 

Figure 4.1 provides a general overview of the 

process for making microfluidic systems using 

sacrificial materials. Briefly, a sacrificial layer 

is deposited on a substrate by spin coating, 

vapor deposition or some other method. Then, 

using photolithography, the sacrificial material 

is patterned and serves as a temporary 

“placeholder,” which defines the channel 

geometry. After deposition of a top layer, the 

sacrificial material is removed, leaving behind 

open tubular features between the substrate and 

the cover layer.16  

 

There are a variety of materials that can be used 

as sacrificial cores. Inorganic sacrificial materials include SiO2
18 and metals such as 

aluminum,19 titanium,20 and nickel.21 Polymers such as polyimide,22 poly(methyl 

methacrylate) (PMMA),10 polycarbonate (PC)13 and photoresist23 have also been used as 
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Figure 4.1. Schematic diagram of 
the general processing steps 
involved in the fabrication of 
microchannel structures using 
sacrificial materials.
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sacrificial materials. After deposition of the cover film, removal of the sacrificial layer 

can be achieved by dissolution,24 etching,11,19,25 or thermal degradation.26,27 These 

removal methods each have benefits and drawbacks; selection of the optimal approach is 

specific to particular combinations of substrate, sacrificial layer and cover film.18,28 

Recently, Whitesides et al.29 implemented a fabrication method using water-soluble 

sacrificial cores. Poly(acrylic acid) and dextran proved to be effective sacrificial layers 

that could be dissolved in water or aqueous NaCl, for making metallic microstructures by 

nickel electrodeposition. 

 

Importantly, microfabrication using sacrificial cores is a versatile technique. First, there 

are no limitations in the size or flatness of the channel substrate, since no bonding is 

involved.26 Second, the choice of sacrificial material can influence the geometry of the 

resulting microchannels; for example, Peeni et al.19 used aluminum/photoresist, SU-8 and 

aluminum to obtain semicircular, rectangular and trapezoidal geometries, respectively. In 

addition, even though glass11,19 and silicon30,31 are the two most common substrates for 

microfabrication using sacrificial layers, the surface properties of microfluidic vias can be 

adapted to specific applications by depositing selected materials beneath and on top of 

the sacrificial layer. Moreover, sacrificial approaches facilitate the formation of three-

dimensional fluidic systems through sequential deposition of layers.12,32 Finally, the 

fabrication of microchannels in-situ should enable the integration of fluidic and electronic 

components in microdevices.  
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4.2.2 Sacrificial layer fabricated microfluidic devices  

4.2.2.1 Silica and glass materials 

Sacrificial etching methods have been used widely in the microelectronics industry for 

years; however, only a few examples of separations in sacrificially formed microfluidic 

systems have been demonstrated. Craighead and coworkers used thin-film deposition and 

wet chemical etching to define ~100-nm-dimension nanochannels, which were utilized to 

measure the electrophoretic mobilities of two different lengths of DNA.33 More recently, 

the same group fabricated submicrometer-dimension fluidic channels for the analysis of 

<100 fg of DNA.25 Hawkins’ group fabricated a microdevice using thin-film techniques, 

and used it to perform single-molecule detection.34 Peeni et al.19 showed CE separations 

of fluorescently labeled amino acids in a 9-mm long microchannel fabricated by thin-film 

deposition of silicon dioxide over a photoresist/aluminum sacrificial layer. Subsequent 

optimization also enabled peptide separations to be carried out in these devices.35 These 

studies demonstrate the potential for performing separations in microdevices fabricated 

using sacrificial layer techniques, but further work remains. 

 

Despite the successful construction of microchips using sacrificial layer methods, several 

issues must still be addressed with the fabrication process and the resulting devices. First, 

fabrication requires cleanroom facilities, costly instrumentation for thin-film deposition 

and patterning, and expertise to use such equipment, all of which make this approach 

inaccessible to some researchers. In addition, there are several constraints on the types of 

substrates, sacrificial layers and overlayers that can be used.13,30 For example, the 

sacrificial material must produce a high-quality and uniform film of several micrometers 
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thickness.18 In addition, the sacrificial layer must adhere well to the substrate and not 

react with the covering film. Ideally, the sacrificial layer will be removed completely, 

leaving a smooth inner surface in the microchannel. Moreover, neither the substrate nor 

the cover layer must be affected during the sacrificial layer removal step.13 Unfortunately, 

the removal of the sacrificial material can take hours to days, which limits the mass 

production of microchips by this method. Solubility can be a concern, especially when a 

polymer is used as the cover layer with a photoresist-based sacrificial material. In this 

case, the solvent present in the coating polymer solution can attack the sacrificial 

photoresist and compromise microchannel integrity.13 Similarly, if a thermally 

decomposable polymer is used as a sacrificial layer, complete decomposition should 

occur in a narrow temperature range, which must be compatible with the other materials 

and components on the substrate.36 

 

Structural strength is another important consideration in the fabrication of microchannels 

for fluid handling. In the sacrificial layer fabrication approach, microchannels are 

generated by deposition of a thin film on top of a patterned material, and the resulting 

structures are generally weaker than those made by standard bonding methods. Hubbard 

et al.28 investigated possible causes of channel wall failure during fabrication with an 

aluminum sacrificial layer and silicon dioxide overcoating. Elevated internal pressure 

from gas generated during the etching of aluminum was found to be the main cause of 

microchannel wall failure during fabrication. A finite element model showed that channel 

width and film thickness were the most critical parameters to optimize in avoiding device 

failure. 



 118

In summary, sacrificial fabrication of microfluidic devices in glass and silicon overcomes 

some limitations of conventional manufacturing methods. Important benefits include the 

ability to fabricate nanometer- to several micrometer-dimension structures and the 

elimination of a bonding step. Nevertheless, several problems with sacrificial fabrication 

have limited the implementation of this technique in making microfluidic devices. First, 

the fabrication protocols are not generally easy to carry out and require sophisticated 

instrumentation. Second, device materials are limited to glass and silicon, the substrates 

most compatible with the manufacturing methods. Finally, fabrication yield and 

reproducibility still need improvement. Thus, further work is essential to develop 

sacrificial fabrication techniques.  

 

4.2.2.2 Polymeric materials 

Woolley’s group has been interested in applying sacrificial layer methods for making 

polymer microfluidic systems. Kelly et al.37 carried out ground-breaking studies in this 

area in 2005, inspired by work that utilized the solid-liquid phase change of waxes at 

their melting point to form actuators such as valves in fluidic microchips.38-41 This phase 

transition offers a promising approach for filling (as a liquid) and protecting (as a solid) 

microchannels during device processing steps.  

 

In brief, PCSL microfabrication involves heating a solid sacrificial material to a 

temperature above its melting point and using it to fill a microchannel imprinted in a 

polymeric substrate. After cooling, the sacrificial material solidifies and protects the 

microchannel from solvent and dissolved polymer during bonding. Next, solvent is 
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spread on top of the PCSL-protected channels, and a polymeric cover layer containing 

access reservoirs is aligned and held in contact with the imprinted substrate until a robust 

bond is obtained, resulting in enclosed PCSL-filled channels. Finally, the device is heated 

above the melting temperature of the sacrificial material, and vacuum is applied to 

remove the melted PCSL, leaving open microchannels. Indeed, a paraffin wax PCSL was 

recently used to construct microfluidic devices; the combination of PCSLs and solvent 

bonding enabled polymer microchips to be fabricated and evaluated in µCE analysis of 

amino acids and peptides.37 

 

PCSL microfabrication is an attractive alternative for making robustly enclosed 

microchannels by solvent bonding, while protecting microchannel integrity using a 

sacrificial material. This technique does not require sophisticated thin-film deposition 

instrumentation and should be easy to implement by microfluidics researchers. In Section 

4.3, I provide guidelines for the fabrication of polymer microfluidic systems using 

PCSLs. 

 

 

4.3 FABRICATION TECHNIQUES AND METHOD DEVELOPMENT 

Because of the many advantages of polymer microchips, there is a tremendous need for 

alternative fabrication processes to allow the realization of their full potential.9,42 Thus, 

this section describes the steps to follow to make polymer microdevices using PCSL and 

solvent bonding techniques. Because of its good optical properties and well-known 

patterning procedures, PMMA is used frequently for the fabrication of microfluidic 
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chips.43-45 As a result, the PCSL microfabrication method will be detailed for PMMA 

microchip fabrication. However, constructing microdevices from different polymers 

using the PCSL method should be straightforward, if the appropriate combination of 

substrate, sacrificial material and solvent are selected. A schematic overview of the PCSL 

fabrication approach is depicted in Figure 4.2.  

 

4.3.1 Template fabrication and microchannel imprinting 

Polymer microfluidic systems for chemical analysis are normally fabricated by 

transferring a patterned microstructure from a template to a substrate (Figure 4.2A-C).44 

Micromachined silicon templates created by standard photolithographic and etching 

methods46 are normally used to imprint elevated features in PMMA substrates, forming 

microchannels (see Sections 1.1.2.3 and 1.1.2.4). 

 

Although the silicon micromachining process is well developed, extensive use of costly 

cleanroom instrumentation is required. Thus, alternative and simpler template 

construction approaches are being pursued. One such method utilizes SU-8, an epoxy-

based negative photoresist, which has excellent chemical resistance and mechanical 

properties. Patterned SU-8 is being applied increasingly in making microstructures for 

templates in microchip production.47-49 
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Figure 4.2. Fabrication of microchannels in a polymer substrate using PCSLs and solvent 

bonding (additional details are in the text). 
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4.3.2 Filling microchannels with PCSL 

Prior to solvent bonding, the microchannels must be filled with PCSL. Some practical 

considerations for selecting a material for a sacrificial layer are: (1) it should have a 

lower melting point than the substrate itself; (2) it must be resistant to the bonding 

solvent; (3) it should not react with the polymer substrate; (4) it should form a smooth 

surface after solidification; and (5) it must be easy to remove from the microchannel after 

bonding. 

 

The following is a short overview of the process for depositing a PCSL into imprinted 

features. A PMMA piece having imprinted microchannels (formed as described in 

Section 4.3.1) is sealed reversibly to a ~1-mm-thick PDMS film, which has small holes 

that correspond to the channel ends. This temporarily enclosed PMMA-PDMS structure 

is placed on a hot plate at 85 ºC, heated paraffin wax is added to all but one of the 

channel access holes in the PDMS film, and vacuum is applied at the unfilled opening, 

causing liquid PCSL to fill the entire microchannel network (Figure 4.2D). Cooling the 

assembly to room temperature produces a solid PCSL, protecting the microchannels as 

indicated in Figure 4.2E. 

 

Occasionally, some PCSL solidifies outside the microchannel region, and this excess wax 

must be removed for proper bonding. Two solutions to this issue have been developed. 

First, if the paraffin wax PCSL is left in contact with PDMS for 1-2 hours, the PCSL 

outside the channels dissolves into the PDMS.37 A second solution is to add the liquid 

paraffin wax to the device without applying vacuum; in this case, the PCSL enters the 
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microchannels by capillary action, and more uniform filling is observed. Once well-

defined microchannels loaded with solid sacrificial material are obtained, the PDMS film 

is removed carefully, and the PCSL-filled device is ready for bonding. 

 

4.3.3 Microdevice bonding  

To form enclosed microchannels, the PCSL-protected PMMA piece must be bonded to a 

cover plate having channel access holes. To this end, solvent is added on top of the 

imprinted substrate (Figure 4.2F), a polymer top piece is aligned with the PCSL-

protected microstructure, and pressure is applied for ~2 min to complete microdevice 

bonding (Figure 4.2G). The solvent bonding step must be performed quickly such that 

the solvent does not evaporate or dissolve the substrate extensively, which could affect 

channel integrity. In practice, it was found that bringing the two PMMA pieces together 

at an angle allowed air bubbles to escape out the side, leading to higher-quality 

microdevice bonding. Finally, it is important for the cover PMMA piece to be about the 

same size as the imprinted substrate. 

 

The amount of solvent added also affects the quality of the bonded devices. Sufficient 

solvent must be added to cover the entire PCSL-protected surface without leaving 

bubbles or unwetted areas. On the other hand, if an excess of solvent is applied, it flows 

outside the bonding interface and can compromise the optical quality of the surface of the 

resulting device. To overcome this problem, PDMS films can be placed on the non-

bonding sides of the PMMA to keep the solvent from damaging the microchip exterior 

surfaces. Using masking tape to protect the PMMA surfaces has also been  successful. 
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4.3.4 Sacrificial layer removal 

The final step in PCSL fabrication of microfluidic systems is removal of the sacrificial 

material to yield clean, smooth microchannel inner surfaces. Paraffin wax PCSL is 

removed by heating the microdevice to 85 ºC and applying vacuum to a reservoir in the 

PMMA cover piece to aspirate the liquid PCSL (Figure 4.2H). Non-polar organic 

solvents such as hexane or cyclohexane can be used subsequently to dissolve and remove 

residual sacrificial material from inside the channel. With PMMA microdevices, 

complete removal of the PCSL (Figure 4.2I) is verified by an absence of air bubbles in 

the channels upon filling with water.  

 

4.3.5 Microchip evaluation 

Several aspects of the microchips can be characterized after bonding is completed. For 

instance, the microchannel shape can be indicative of the effectiveness of the sacrificial 

material in protecting the microchannel during solvent bonding. Edge-on 

photomicrographs allow measurement of the cross-sectional areas of features, both before 

and after bonding. As an example, Figure 4.3 shows cross-sectional views of a 

microchannel at several stages of the fabrication process. As is visible in Figure 4.3B, 

the paraffin wax PCSL appears to undergo a small amount of shrinkage upon 

solidification. Importantly, this minor shrinkage does not compromise microchannel 

usefulness, even with structures having depths as small as 7 µm.37  
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Another important parameter to 

evaluate in PCSL-fabricated microchips 

is the bond strength. Several techniques 

have been reported to determine the 

bonding strength of microfluidic chips; 

for example, by measuring the tensile 

force in pulling pieces apart50 or by 

evaluating the shear force at the 

bonding interface of chips.51 These 

methods normally use epoxy to attach a 

device to an external force; thus, the 

bond strength determination may be 

limited by the strength of the epoxy 

rather than the microchip itself. Kelly et 

al.37 developed an approach for 

determining the maximum internal 

pressure that can be sustained in PCSL 

solvent-bonded devices. Briefly, an appropriately threaded PMMA piece (which can be 

connected to a N2 cylinder via 1/16-in copper tubing) was bonded to a second PMMA 

substrate utilizing the same conditions (solvent, applied pressure and time) as for 

microchips. Once this assembly is connected to a gas cylinder, the applied pressure can 

be increased until either the device fails or the maximum cylinder value (~2200 psi) is 

reached. Using this approach, it was determined that PMMA bonded using acetonitrile 
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Figure 4.3 Edge-on photomicrographs of 
channel cross-sections at different fabrication 
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with permission from ref. 37; copyright 2005, 
American Chemical Society.
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under selected conditions was stable to at least 2200 psi internal pressure.37 To more 

precisely measure the bond strength, one could appropriately connect PMMA substrates 

to a high-pressure liquid chromatography pump and measure the maximum pressure 

obtained before breakage. As with all high-pressure device failure determination 

methods, it is necessary to take proper safety precautions to avoid injury from PMMA 

projectiles that may be produced when failure occurs. 

 

4.4 PRACTICAL APPLICATIONS  

4.4.1 Microchip capillary electrophoresis 

CE in polymer microfluidic devices was first demonstrated 10 years ago, in both 

PDMS52,53 and PMMA.44 The analysis of amino acids and peptides by µCE is a well-

established procedure.37,46,54 The operational parameters for injection and separation in 

µCE were presented in Section 1.2.4. A typical approach involves sample injection using 

the pinched injection mode55 and detection by laser induced fluorescence to measure the 

signal of fluorescently labeled amino acids.46,56 In this section, I describe the application 

of PCSL-formed PMMA microchips to the µCE analysis of amino acids and peptides.  

 

4.4.1.1 Amino acid and peptide analysis 

The PCSL techniques described in Section 4.3 were used to fabricate PMMA microchips 

for µCE analysis. Figure 4.4 shows an electropherogram of four FITC-labeled amino 

acids separated in a PCSL-formed solvent-bonded microchip. Importantly, these PCSL-

fabricated microdevices are able to withstand applied electric fields of at least 1500 

V/cm, which is the highest reported field strength for µCE in polymeric devices. The use 
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of high electric fields provided separation efficiencies of over 40,000 theoretical plates, 

which are comparable to values obtained in glass microchips.54,57 Figure 4.5 shows an 

electropherogram of seven FITC-labeled peptides separated in a PMMA microchip 

constructed using solvent bonding with PCSLs. The separation efficiency in the analysis 

of FITC-labeled peptides was similar to that for the analysis of amino acids. The ability 

to carry out high-performance µCE of peptides indicates that PCSL-formed devices have 

potential for proteomic analysis. In addition, PCSL-fabricated microchips were used to 

perform >300 µCE runs over a 3 month period with no degradation of separation 

performance. These results demonstrate the excellent potential for using PCSL solvent 

bonding in the fabrication of robust, low-cost microchips for high-quality and rapid 

electrophoretic analysis of biomolecules. 

 

 

Figure 4.4 Separation of FITC-labeled amino acids (75 nM) in 10 mM carbonate buffer, pH 

9.2. The injection voltage was +800 V, and the separation voltage was +3.0 kV. Reprinted 

with permission from ref. 37; copyright 2005, American Chemical Society. 
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Figure 4.5 Separation of 110 nM FITC-labeled peptides; µCE separation conditions were 

the same as in Figure 4.4. Reprinted with permission from ref. 37; copyright 2005, American 

Chemical Society. 
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maintaining the whole assembly at 4 ºC to avoid melting the PCSL (Figure 4.6B-C). 

Finally, the microchip is heated to allow facile removal of the liquefied PCSL, leaving a 

membrane-integrated microchannel in the device (Figure 4.6D). In addition to the 

characteristics noted in Section 4.3.2, PCSLs for the integration of membranes with 

microchannels must not react with or dissolve in either the membrane monomer solution 

or the polymerized hydrogel. 

 

Figure 4.6 Schematic diagram of using PCSLs to interface microfluidics with ion-permeable 

membranes. (A) A PCSL-protected microchannel substrate is bonded to a PMMA cover 

piece having a membrane reservoir. (B) Prepolymer solution (green) is poured into the 

membrane reservoir. (C) An ion-permeable hydrogel is photopolymerized. (D) The PCSL is 

melted and removed from the channel. Adapted with permission from ref. 58; copyright 2006, 

American Chemical Society. 
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4.4.2.2 Application to electric field gradient focusing 

Electric field gradient focusing (EFGF) is an equilibrium-gradient separation method59 in 

which analytes are focused at different equilibrium positions in an electric field 

gradient.60,61 In EFGF, the electrophoretic motion of charged molecules in an electric 

field gradient in a column is opposed by hydrodynamic flow. The result is that each 

analyte will focus (stop) at an equilibrium position where the electrophoretic and laminar 

flow velocities are opposite and equal. The principle of EFGF has been studied 

theoretically and experimentally.60-64 

 

Perhaps the simplest way to do EFGF is to interface an open column of constant cross-

sectional area with a semipermeable membrane of changing cross-sectional area.65 The 

ion-permeable membrane allows free flow of small buffer ions, but proteins are 

constrained to the open column, and the changing cross-sectional area of the 

semipermeable copolymer creates an electric field gradient. Interfacing an open column 

with an ion-permeable membrane is challenging using conventional methods,65 but is a 

task that is ideally suited for PCSL fabrication. 

 

Woolley’s group has fabricated EFGF microchips using the PCSL approach.58 In these 

devices, the membrane reservoir was a shaped region (for generating an electric field 

gradient) in the PMMA cover piece, and the open channel in the patterned substrate was 

protected with PCSL during membrane polymerization. The performance of PCSL-

fabricated EFGF microchips was compared to that in capillary-based EFGF devices by 

analyzing two natively fluorescent proteins, R-phycoerythrin (R-PE) and green 
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fluorescent protein (GFP), in both systems. The results indicated a 4-fold reduction in 

peak width and a 3-fold improvement in resolution for PCSL-fabricated EFGF systems 

compared to capillary devices. Moreover, resolution for the analysis of peptides in 

microchip EFGF devices was comparable to that in µCE, but sample was concentrated 

150-fold in the EFGF system.58 

 

Using PCSLs to integrate microfabricated channels with ion-permeable membranes 

improves EFGF experiments. The smaller cross-sectional channel dimensions in the 

microchip EFGF devices reduce bandwidth and improve the resolution of protein peaks. 

Importantly, the fabrication protocols are flexible and easy to adapt as needed for 

different device designs. 

 

4.4.2.3 Application to protein preconcentration 

The same PCSL fabrication protocols for interfacing microfluidics and membranes in 

EFGF can also be used for on-chip protein preconcentration and separation.58,66 A PCSL-

filled microchannel imprinted in PMMA was affixed to a cover plate containing a 

membrane reservoir, and hydrogel was polymerized as described above.58 To concentrate 

protein samples at the membrane, a voltage was applied between the sample and 

membrane reservoirs. Concentration factors as high as 10,000-fold for a model protein 

(R-PE) were observed.58 Preconcentrated proteins were separated electrophoretically by 

applying a potential between the membrane reservoir and the reservoir at the end of the 

channel. A protein mixture containing R-PE and GFP was concentrated and separated 

electrophoretically in a membrane-integrated device.66 These experiments verify the 
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power of the PCSL approach in making microchips for integrated sample enrichment and 

separation. 

 

4.5 CONCLUDING REMARKS AND FUTURE TRENDS 

In this chapter, I presented phase-changing sacrificial layers as enabling tools for making 

a variety of microfluidic devices in polymers. Several successful uses of PCSLs in 

biological analysis were discussed, which should motivate the pursuit of new 

developments and applications of this approach. 

 

In the future, I anticipate the generalization of PCSL fabrication methods to polymers in 

addition to PMMA. Table 4.1 summarizes the key considerations for selecting the 

substrate, sacrificial material and solvent in PCSL fabrication.67 Some promising results 

have been obtained in extending the PCSL technique to other polymeric substrates, 

including PC, PET and COC.67 

 

Table 4.1 PCSL solvent bonding method development considerations. 

 Requirements 

Substrate Easily imprinted with template 
Inexpensive 
Seals to elastomer 
Doesn’t interfere with chemical analysis 

Sacrificial Material Transitions from solid to liquid near room temperature 
Doesn’t interact with polymer/elastomer 
Appropriate viscosity 
Forms smooth, even channels 
Solubility differs from substrate 
 

Solvent Dissolves substrate but not sacrificial layer 
Appropriate rate for dissolving substrate 
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In addition to the possibility of using PCSLs to construct microfluidics in various 

polymeric materials, this approach could also facilitate the implementation of new 

analysis techniques in a microchip format. For example, applications that require high 

pressures, such as for loading viscous sieving polymers for DNA separation or for 

packing small-diameter-particle stationary phases for chromatography, may become 

feasible in PCSL-fabricated polymer microchips, because of their high pressure stability. 

 

4.5.1 Fabrication of multilayer microfluidic arrays 

Interestingly, most research efforts with polymer microfluidic structures have focused on 

applying the same planar two-dimensional layouts of glass microchips in plastic devices. 

However, multilayer microstructures, wherein multiple channels can cross over one 

another without contamination, would significantly increase the operational flexibility in 

miniaturized analysis. Multilayer microfluidics have been fabricated in glass,68 

PDMS69,70 and PDMS/glass hybrid microchips.71 However, this design has not been 

implemented in easy-to-fabricate thermoplastic (rigid) polymers. Importantly, thermal 

bonding is problematic in the fabrication of multilayer structures because the heat and 

pressure often deform the surface, making it difficult to bond subsequent layers; 

moreover, microchannels can be constricted or blocked as a result of repeated heating 

steps. In contrast, PCSL fabrication protocols are simple and straightforward to 

implement, which would be advantageous for making multilayer polymer microchips. 

Indeed, using PCSL microfabrication, multiple substrates can be bonded together 

successfully without affecting the previous layers.  
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Important new applications could be 

developed in multilayer polymer 

microfluidic systems. For example, 

multiple replicate analyses of a 

sample in a single reservoir could be 

performed in parallel on a single 

device. Figure 4.7 shows a schematic 

diagram of a multilayer microdevice 

with channels crossing over each 

other. This device could be used to 

separate a sample in three 

microchannels using a single input, which would allow parallel, replicate analyses of the 

same specimen. Additional designs could be formed with parallel channels having 

different surface properties or separation media, to implement orthogonal separation 

mechanisms. Such layouts could then be used in parallel analysis of the same sample 

under different conditions. Finally, multilayer structures with crossing channels would 

facilitate the integration of end-column fluorescent or other labeling techniques in μCE. 
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5. PHASE-CHANGING SACRIFICIAL LAYER FABRICATION OF 

MULTILAYER POLYMER MICROFLUIDIC DEVICES∗ 

 

5.1 INTRODUCTION 

In recent years, the use of micromachining to fabricate microfluidic structures for 

chemical analysis has emerged as a promising technology with potential application in 

bioanalytical chemistry.1-4 Chip-based capillary electrophoresis (μCE) highlights many of 

the advantages of miniaturized devices relative to their macroscale counterparts.5,6 

However, constructing a true micro-total analysis system (μTAS)7 in which sample 

pretreatment, mixing, separation and detection are performed in a single miniaturized 

platform remains a challenging task. 

 

Polymers offer several advantages over glass for making microfluidic chips.8,9 The ease 

of fabrication, low cost and availability of a broad range of polymeric substrates are key 

considerations that have motivated researchers to evaluate polymer-based microfluidic 

devices.8,10 Materials such as poly(dimethylsiloxane) (PDMS),11 poly(methyl 

methacrylate) (PMMA),12 polycarbonate (PC),13 and cyclic olefin copolymer14,15 have 

been used increasingly in fabricating microfluidic systems. 

 

Although polymers provide some benefits, glass microdevices also continue to be used 

broadly.16,17 One important limiting factor in the wider application of polymer microchips 

appears to be the use of conventional microfabrication techniques. Indeed, the two-
                                                 
∗ This chapter is reproduced with permission from Anal. Chem., 2007, (in press). Copyright 2007, American Chemical 
Society. 
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dimensional nature of planar microchip systems, in which fluid flow is limited to a single 

plane, is one of the bottlenecks slowing the realization of true μTAS platforms. 

Therefore, the development of fabrication methods to meet the requirements for highly 

integrated and miniaturized devices is a critical research area. 

 

A logical approach to increase design flexibility and functionality in microfluidic chips is 

the fabrication of multilayer systems in which fluidic paths proceed in multiple levels 

instead of remaining on a single layer. The development of multilayer devices has proven 

to be challenging due to difficulties in aligning and bonding individual layers; however, 

some progress has been made. Three-dimensional, layered microfluidic manifolds have 

been fabricated in PDMS,18-21 SU-822 and glass.23,24 PDMS multilayer systems are 

relatively easy to manufacture by replica molding or soft-lithography,11,21 but are also 

subject to several weaknesses.25,26 For instance, microstructures can be damaged readily 

during release from the mold, and bonded devices are sometimes delaminated under 

applied pressure or voltage. Additionally, applications in PDMS microdevices are limited 

by the compatibility of PDMS with many analytes.27 Despite these challenges, PDMS-

based multilayer systems have seen some success. Separated bands have been transferred 

between microchannels,28 and gated sample injections have been performed by 

transferring sample from an injection channel into a separation channel via a 

nanocapillary array.29 Quake et al.30 demonstrated that multilayer systems can provide 

higher levels of integration, allowing complex fluid manipulations with a minimal 

number of controlled inputs.19,30 Compared to PDMS, glass-based multilayer 

microdevices are attractive because of their chemical stability, well-known surface 
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chemistry and established micromachining protocols.31 However, making multilayer 

microdevices in glass is a difficult task, requiring repeated thermal bonding steps that are 

time consuming. 

 
Due to these challenges with glass and PDMS, fabricating multilayer systems in 

thermoplastic materials is attractive and could facilitate the development of sophisticated 

analytical microdevices. Fettinger et al.32 machined a multilayer system in PMMA having 

millimeter-dimension channel or chamber structures in each level interconnected by 

through-holes. Although this initial work demonstrated that liquid flow in multilayer 

systems was possible for millimeter-scale fluidics, the feasibility of constructing 

multilayer hard polymer microfluidic platforms and utilizing them for multi-analyte 

separations has not yet been shown. Importantly, conventional thermal bonding 

techniques are problematic for fabricating multilayer systems having micrometer-

dimension structures because heating a material to near its glass transition temperature in 

repetitive bonding steps typically distorts patterned features. Moreover, the low bond 

strength and electrical field resistance of thermally bonded devices may limit potential 

applications. 

 

Some progress has been made in fabricating multilayer microfluidic devices in hard 

polymers using alternative bonding methods. Flachsbart et al.33 used adhesives to enclose 

multilayer PMMA/PC microfluidics and were able to inject and detect a single protein. 

However, they found that the adhesive could block microchannels and interfere with 

electroosmotic flow. Weigl et al.34 also used adhesive bonding to assemble multilayer 

polymer microchips with laser-machined features. However, the smallest channel 
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dimensions feasible with this method (50-100 μm) were in the range of large 

microfluidics, such that they would be non-ideal for separations. Mensing et al.35 used 

liquid-phase photopolymerization to construct multilayer devices. Although this approach 

avoided adhesive for bonding, the microchannels were several hundred micrometers in 

cross-section, making them unsuitable for high-performance electrophoretic applications. 

In summary, advances have been made in assembling multilayer polymer microfluidic 

structures, but further fabrication improvements are needed to enable broad use in 

chemical separations.  

 

Woolley’s group recently developed a microfabrication method using a combination of 

phase-changing sacrificial layers (PCSLs) and solvent bonding to make polymer 

microfluidic chips for μCE analysis.36 Furthermore, the PCSL approach was applied in 

the fabrication of microchannels integrated with ion-permeable hydrogels for analyte 

preconcentration37 and electric field gradient focusing.38 The simplicity of the PCSL 

fabrication technique, the robustness of the constructed microsystems, and the quality of 

the separations obtained indicate that PCSLs may be valuable for making multilayer 

systems in thermoplastic polymers.39  

 

Herein, I report the fabrication, characterization and utilization of multilayer microfluidic 

chips made in PMMA using PCSLs and solvent bonding. Individual substrates with 

PCSL-filled microchannels and through-holes were aligned and solvent bonded to 

produce multilayer structures in which microchannels can cross one another. I evaluated 

the bonding strength, the fluidic and electrical independence of channels, μCE analysis, 
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and the effects of fluid flow and applied potentials in crossing channels on separation 

efficiency in these devices. 

 

 

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials and reagents  

Paraffin wax (melting point 65ºC; Service Assets, Newport Beach, CA) was used as the 

PCSL. Glycine, asparagine, phenylalanine and arginine were purchased from ICN 

Biomedicals (Aurora, OH). Fluorescein-5-isothiocyanate (FITC) came from Molecular 

Probes (Eugene, OR). Deionized (DI) water (18.3 MΩ·cm) obtained from an Easypure 

UV/UF water purification system (Dubuque, IA) was used to prepare all solutions. 

Carbonate and Tris buffer solutions were adjusted to set pH values with 0.1 M NaOH or 

HCl. Reagent-grade solvents (acetonitrile, hexane, acetone, and isopropanol) were 

purchased from Fisher Scientific (Fair Lawn, NJ). Masking and adhesive tape were 

Scotch brand (3M, St. Paul, MN). 

 

5.2.2 Device fabrication  

Construction of the microdevices involved five steps: (i) chip design, (ii) 

photolithographic patterning and micromachining of silicon templates, (iii) substrate 

imprinting and reservoir fabrication, (iv) protecting features with sacrificial material, and 

(v) alignment and solvent-assisted bonding. These processes are described in detail in the 

following paragraphs. 
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5.2.2.1 Chip design 

A schematic of the microchip layout is shown in Figure 5.1A. In our three-layer design, 

fluidic manifolds are obtained by aligning the top and bottom microchannel-containing 

layers with the interconnecting through-holes in the middle piece (Figure 5.1B). The 

bottom layer has features for two independent electrophoretic systems positioned 

perpendicular to each other. The main separation path is defined in the bottom layer, and 

most of the second separation channel is also patterned on the bottom piece, but this 

structure overpasses the main fluidic path via through-holes bridged with a microchannel 

in the lower surface of the top layer. Channel linewidths were 40 μm, depths were 30 μm, 

lengths from reservoirs 1-3 to the injection intersection were 0.5 cm, and the separation 

channel was 2.5-cm long from the injection region to reservoir 4. The layouts for the 

bottom and top masks included marks for alignment of the substrates during the bonding 

step. 

 

5.2.2.2 Silicon template preparation 

Two photomasks with the features of the bottom and top layers in Figure 5.1A were 

drawn using mask layout software (WieWeb) and converted to chromium-coated 5” glass 

plates using an Electromask TRE Cris-Cross Pattern Generator (Woodland Hills, CA). 

The features in the mask were then transferred to a silicon template using conventional 

photolithography and wet chemical etching as described previously.40  
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Figure 5.1. (A) Schematic of the three layers for the fabrication of microchannels in 

multilayer microdevices. Reservoirs are: (1) analyte, (2) buffer, (3) injection waste, and (4) 

waste. (B) Exploded view of the three layers. (C) Photograph of the alignment and bonding 

station. (D) Schematic of a completed microchip formed by successive alignment and 

bonding of the individual layers. A final device is 4 cm on each side and 4.5 mm tall. 
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5.2.2.3 Substrate imprinting and reservoir fabrication  

Using a procedure reported by Locascio et al.,41 I embossed the elevated features in the 

silicon template into 1/16-in-thick PMMA substrates (Acrylite OP-3, Cyro, Rockaway, 

NJ) in a convection oven at 140 ºC. I affixed a microscope slide to the back of the 

template to reinforce it to avoid breakage during imprinting. To prevent the Si template 

from sticking to the PMMA, I sprayed the surface with silicone lubricant (Stoner, 

Quarryville, PA) before imprinting the substrates. A CO2 laser cutter (C-200, Universal 

Laser Systems, Scottsdale, AZ) was used to create 2-mm-diameter reservoirs in the 

middle and top layers for sample and buffer loading. Finally, two 280-μm-diameter 

through-holes were made in the middle layer to serve as interconnects. 

 

5.2.2.4 Filling with sacrificial material 

The main fluidic path in the bottom layer was filled with PCSL using the approach 

reported by Kelly et al.36 Filling non-continuous channels in the bottom layer, 

interconnecting holes in the middle piece and the crossover channel in the top layer 

required a modified approach. To deposit sacrificial material in discontinuous channels, 

solid paraffin wax was placed in the patterned reservoir area at one end of each channel. 

Then, the substrate was placed on a hotplate at 85ºC to melt the sacrificial material and 

fill the microchannels by capillary action. To avoid overflow of sacrificial material, the 

amount of paraffin used in this step was selected to cover ~50% of the reservoir area. To 

fill the crossover microchannels, which did not have patterned reservoir areas at either 

end, an opening the approximate length of the microchannel was defined on a piece of 

adhesive tape using the laser cutting system. Then, the surface was covered with the 
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patterned tape, aligning the opening with the microchannel underneath. After this, a small 

piece of solid paraffin wax was placed on top of the tape and melted to fill the 

microchannel. Through-holes in the middle layer were also filled with PCSL using this 

patterned adhesive tape approach. 

 

5.2.2.5 Alignment and solvent-assisted bonding 

Individual layers were aligned as shown in Figure 5.1B. I designed and assembled an 

alignment and bonding station using translation and rotation stages (Melles Griot, 

Carlsbad, CA) integrated in a custom-machined stand (Figure 5.1C). The station was 

designed to allow alignment and bonding steps to be performed sequentially by means of 

three moving parts: (1) a lower x-y-z translation stage (resolution: 1.5 μm), (2) a rotating 

plate attached on top of the translation stage (angular resolution: 5′), and (3) a microscope 

slide attached to a top hinged plate, which could be lifted or lowered. 

 

For alignment, the bottom PMMA substrate with PCSL-filled microchannels was held in 

place on the rotating plate by vacuum. Next, the middle layer was reversibly attached to 

the microscope slide on the hinged plate using a ~100-μm-thick PDMS film (Sylgard 

184, Dow Corning, Midland, MI). Following this, the aligner was placed under a Leica 

semiconductor inspection microscope (Wetzlar, Germany), and the interconnects in the 

middle piece were aligned with the two ends of the discontinuous microchannel in the 

bottom layer. Once the two pieces were aligned, the hinged plate was lifted and 280 μL 

of acetonitrile were spread on the upper surface of the bottom substrate. Finally, the 

hinged plate was lowered quickly and the two layers were held together for 2 min to 
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effect bonding. This sequence of alignment and bonding steps was repeated to seal the 

top substrate and obtain a fluidic routing manifold with independent crossing 

microchannels (Figure 5.1D). 

 

5.2.3 Microdevice characterization 

I evaluated bonding strength, fluid flow in the crossover channel, fluidic integrity, and 

electrical independence of the flow paths in PCSL-fabricated multilayer microdevices. 

For these studies, a modified microchip was fabricated in which reservoirs 1 and 3 were 

eliminated in the crossover channel and the spacing between reservoirs 2 and 4 was 

decreased to 1.5 cm, with either a 5.0 or 0.8 mm gap for the crossover. Bonding strength 

was determined by affixing Nanoport reservoirs (Upchurch Scientific, Oak Harbor, WA) 

on top of the openings at both ends of the crossover channel. After filling the main path 

with orange dye solution and the crossover with green dye, one Nanoport was capped 

while the other was connected via appropriate fittings to an N2 cylinder at various 

pressures, and the microdevices were inspected for solution leaks or delamination of the 

layers. The colored solutions facilitated visual inspection and easy determination of any 

leaks. The ability of the devices to handle fluid flow in both channels was tested by 

filling with buffer solution and examining for bubbles inside the microchannels and the 

crossover section. Complete filling of the crossover channel was verified by measuring 

the current as a function of applied voltage. I also studied the electrical independence of 

the flow paths by taking current measurements under applied voltages in the separation 

channel while various potentials were applied in the crossing channel. 
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5.2.4 Electrophoretic analysis of amino acids  

I tested the ability of our PCSL-fabricated multilayer microdevices to perform μCE. In 

addition, I studied the effects of both pressure and potential applied in the crossover on 

the separation performance of fluorescently labeled amino acids dissolved in 10 mM 

carbonate buffer, pH 9.2. Each amino acid was tagged using FITC as described 

previously.36 Microchannels and reservoirs were filled with buffer, and 15 μL of sample 

were added to reservoir 1. To reduce electroosmotic flow, 0.5% (w/v) hydroxypropyl 

cellulose (100 kDa average MW, Sigma-Aldrich) was added to the running buffer.42 

Sample was loaded using “pinched” injection43 for 20 s with +1.0 kV applied at reservoir 

3, while keeping the other reservoirs grounded. For separation, reservoir 2 was grounded, 

reservoirs 1 and 3 were held at +1.0 kV and a potential of +3.5 kV was applied at 

reservoir 4. Separated amino acids were detected by laser-induced fluorescence using the 

488-nm line from an air-cooled Ar ion laser, as described before.40 Briefly, I focused the 

laser ~800 μm from the end of the main separation path using a 20x, 0.45 NA objective. 

Fluorescence was collected with the same objective and detected at a photomultiplier 

tube after spectral and spatial filtering. 

 

Fluidic integrity during separation was determined by filling the crossover with 0.5 μM 

fluorescein solution and detecting a μCE separation (in the main path) of two amino acids 

at a point 2 mm before and 2 mm after the crossover channel. Additionally, I studied the 

effect of pressurized buffer flow in the crossover on the separation of FITC-labeled 

amino acids in the main path. Finally, electrical independence during separation was 
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evaluated by applying a potential along the crossover channel and monitoring its effect 

on μCE of FITC-labeled amino acids in the main path. 

 

 

5.3 RESULTS AND DISCUSSION 

Figure 5.2A-B shows pictures of the crossover region of an imprinted PMMA 

microdevice before and after filling the channels with PCSL. By flowing the sacrificial 

material into the microchannels by using capillary action as opposed to vacuum, I was 

able to obtain well-filled features without PCSL deposition outside the microchannels.36 

Figure 5.2C shows a photograph of a completed PCSL-fabricated multilayer 

microdevice with a 0.8-mm-long 

crossover. 

 

During each bonding step, the non-

bonding sides of the substrates were 

covered with masking tape to prevent 

solvent from contacting the device 

exterior. In multilayer systems with 

interconnecting channels, alignment 

between layers is crucial to ensure 

fluidic continuity. Although the 

translational resolution of the x-y-z 

stage in the alignment station was 1.5 
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μm, the alignment precision was 26 μm (RSD = 3.5%, n = 10). I attribute this 

experimental variation to positioning 

uncertainty in the hinged plate. 

However, given the larger diameter of 

the interconnects (280 μm) relative to 

the microchannels, I was readily able to 

obtain adequate fluidic continuity 

between microchannels and 

interconnects. Ideally, the crossover 

channel should be as short as possible. 

The gap between the two ends of the 

crossover in Figure 5.2A is ~600 μm; 

however, laser cutting of through-holes 

was problematic with this spacing. An 

800-μm gap enabled robust crossover 

fabrication and was the shortest 

distance for which reliable results were 

obtained. The volume of these 

crossover channels was ~0.45 nL, 

corresponding to <0.4% of the total 

crossover volume of ~125 nL; the 

remainder of the crossover volume was contributed by the through-holes. 
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Current in the main separation path at three 
different potentials ( : 0.5 kV, : 1.0 kV, : 
2.0 kV) in the presence of the indicated 
voltages on the crossover channel (additional 
details are in the text).
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Figure 5.2D shows a close-up of the crossover region in a multilayer microdevice. The 

two colored solutions demonstrate independent fluid flow through the microchannels. 

When the crossover was pressurized at up to 300 psi, no discernable leaks were observed 

in microchannels and no delamination of PMMA layers occurred; however, seals 

between the Nanoports and reservoirs typically failed at ~300 psi, hindering our 

assessment at higher pressures. Should the need arise for greater pressures in crossover 

channels, it may be possible to evaluate device integrity at higher pressures by creating 

threaded reservoir openings.36 Importantly, our results demonstrate that robust PMMA 

multilayer microfluidic devices can be fabricated using PCSLs.  

 

Figure 5.3A shows a current vs. voltage plot obtained in a crossover channel filled with 

10 mM Tris buffer, pH 8.1. The linear relationship observed (r2 = 0.998) indicates that 

the crossover channel was bubble free and Joule heating was not a problem even at the 

highest potential applied (2.0 kV). Figure 5.3B shows current measurements for three 

applied voltages in the separation channel in the presence of a range of applied potentials 

in the crossover channel. For all voltages in the crossover, current measurements in the 

separation channel at 0.5, 1.0 and 2.0 kV were relatively constant (RSD: 0.2-1.0%). 

Furthermore, the linear current vs. voltage relationships (r2 = 0.998-0.999) in the 

separation channel at all applied potentials in the crossover channel indicate the absence 

of Joule heating. These observations demonstrate that a potential in the crossover channel 

has no measurable effect on the electrical characteristics of the separation channel.  
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To further confirm the fluidic and electrical independence of the microchannels in PCSL-

fabricated multilayer devices, I studied the effects on μCE of flow and applied potentials 

in the crossing channel. Separations of 

amino acids in the main path of multilayer 

microdevices (e.g., Figure 5.4A) were 

similar to those obtained in standard 

designs without crossover channels.  

 

To study the fluidic independence of the 

separation and crossover channels, a 

crossover with a 0.8-mm-long section 

bridging over the main separation path 

was filled with 0.5 μΜ fluorescein 

solution, and μCE of two FITC-tagged 

amino acids was performed in the 

separation channel. Peaks detected 2 mm 

before (Figure 5.4A) and 2 mm after 

(Figure 5.4B) the crossover channel 

maintained their shape and baseline 

integrity. The small shift in migration time 

was due to detection at different positions in the separation channel. 
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Figure 5.4 Microchip CE of FITC-
labeled amino acids for evaluating the 
fluidic independence of microchannels 
in multilayer microdevices. Separation 
and detection were performed in the 
main (non-crossover) separation path, 
and the crossover channel was filled 
with 0.5-μM fluorescein. Detection was 
(A) 2 mm before and (B) 2 mm after the 
crossover region. Peaks are: (1) glycine
and (2) asparagine.
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Figure 5.4 Microchip CE of FITC-
labeled amino acids for evaluating the 
fluidic independence of microchannels 
in multilayer microdevices. Separation 
and detection were performed in the 
main (non-crossover) separation path, 
and the crossover channel was filled 
with 0.5-μM fluorescein. Detection was 
(A) 2 mm before and (B) 2 mm after the 
crossover region. Peaks are: (1) glycine
and (2) asparagine.
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Microchannel fluidic independence was 

further studied by pumping 10 mM Tris 

buffer (pH 8.1) through the crossover 

channel during μCE in the main path. The 

electrophoretic analysis of three FITC-

tagged amino acids in Figure 5.5A was 

essentially the same as when the separation 

was performed with a 1.5 μL/min buffer 

flow in the crossover channel (Figure 5.5B).  

These results clearly demonstrate that 

microchannels in PCSL-fabricated 

multilayer devices are fluidically 

independent. I evaluated the electrical 

independence of microchannels in our 

multilayer systems by probing the effects of voltage applied in the crossover channel on 

separation in the main channel. Figure 5.6A-B shows μCE analysis of three fluorescently 

labeled amino acids in a multilayer microdevice with a 5.0-mm-long crossover. Figure 

5.6C-D shows μCE of four fluorescently labeled amino acids in a multilayer microdevice 

with a 0.8-mm-long crossover. Electropherograms with 250 V/cm applied in the 

crossover channel (Figure 5.6B,D) are indistinguishable from those in Figure 5.6A,C 

with no applied potential. Separation efficiency for phenylalanine in ten consecutive runs 

with and without voltage in the crossover was 10,400 theoretical plates (RSD = 3.7%), 
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Figure 5.5 Microchip CE of FITC-
tagged amino acids in the main 
separation path in the (A) absence and 
(B) presence of pressurized 1.5 
mL/min buffer flow in the crossover 
channel. Peaks are: (1) glycine, (2) 
phenylalanine and (3) arginine.
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Figure 5.5 Microchip CE of FITC-
tagged amino acids in the main 
separation path in the (A) absence and 
(B) presence of pressurized 1.5 
mL/min buffer flow in the crossover 
channel. Peaks are: (1) glycine, (2) 
phenylalanine and (3) arginine.
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indicating that the voltage in the crossover has no significant effect on separation 

efficiency in the main path.  

 

Figure 5.6 CE analysis of FITC-labeled amino acids for evaluating the electrical 

independence of microchannels in multilayer microdevices. (A-B) Microchip with a 5.0-mm-

long crossover channel. (C-D) Microdevice with a 0.8-mm-long crossover channel. (A,C) 

Separation and detection in the main separation path; (B,D) same as (A,C) but with 250 

V/cm applied in the crossover channel. Peaks are: (1) glycine, (2) asparagine, (3) 

phenylalanine and (4) arginine. 

 

These results demonstrate that crossover channels in PCSL-fabricated multilayer systems 

are electrically independent. This should allow simultaneous microchip separations in 

both the main fluidic path and a crossover channel, although the large laser-cut through-

holes occupy a much greater volume relative to the channels, which currently precludes 

high-performance μCE in crossover channels.  
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Importantly, even in the present format, applications can be envisioned in which multiple 

separation paths are maintained in a single layer (so separation quality is sufficient), 

whereas other fluid manipulations are performed in crossover channels, to reduce the 

total number of reservoirs needed in a device. For instance, one injection reservoir could 

be interfaced with many separation channels, by using crossovers only in the injection 

channels. This would enable the parallel analysis of samples by multiple methods (zone 

electrophoresis, denaturing or native gel electrophoresis, micellar electrokinetic 

chromatography, etc.). Moreover, with crossover channels, a single sample labeling 

reservoir could be connected to parallel separation channels (that lack crossovers) to 

simplify end-column labeling. Crossover volumes could also be reduced; for example, a 

250-μm-thick middle layer would decrease the crossover volume six-fold. Alternative 

hole forming methods could shrink the dead volume further. A heated ~100-μm-diameter 

wire could form smaller openings in these films than is feasible with laser cutting. 

Micromachined posts with ~50-μm-diameters could provide through-holes for a middle 

layer made from a cast or polymerized ~50-μm-thick film; these vias would have a dead 

volume of ~100 pL, a decrease of three orders of magnitude over the current format. Such 

volume reductions would enable high-performance separations in channels with 

crossovers; Chapter 6 explores this exciting possibility. 

 

5.4 CONCLUSIONS 

I have presented a novel method for fabricating multilayer polymeric microchips using 

paraffin wax as a phase-changing sacrificial material during solvent bonding. I 

demonstrated that PCSL-fabricated crossover microchannels are fluidically and 
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electrically independent; moreover, efficient μCE separations can be performed in the 

presence of pressure-driven flow or an applied potential in the crossover channel. This 

work represents a significant advance in the construction of multilayered microfluidic 

chips in thermoplastic polymers. Fabrication is easier and faster compared to glass 

micromachining, and the resulting devices should be suitable for analyses not feasible in 

previous microchips. PCSL-fabricated multilayer microdevices have potential to increase 

design flexibility with the integration of additional layers or microchannels for 

multiplexed and parallel analysis. 
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6. MULTIPLEXED SEPARATIONS IN MULTILAYER 

MICROFLUIDIC DEVICES WITH CROSSOVER 

CHANNELS 

 

6.1. INTRODUCTION 

Recent advances in genomics and proteomics have increased the demand for high-

throughput analytical tools capable of analyzing multiple samples in parallel. Multiplexed 

capillary electrophoresis (CE) was key for the completion of the Human Genome Project 

years before the estimated finishing deadline.1 Today, multiplexed CE separations are 

routine for DNA sequencing, genotyping and characterizing libraries of compounds for 

drug discovery.2 

 

Miniaturization has become a central issue in the area of chemical separations with a 

growing number of applications in chemical and biological analyses.3 One of the most 

attractive features associated with microfluidic platforms is their potential to integrate 

multiple fluid manifolds in a single substrate using micromachining techniques. An 

outstanding illustration of multiplexed separations on-chip has been reported by Mathies 

et al.4 for the analysis of DNA in 384 microchannel arrays. Microfluidic devices for 

parallel separations have been utilized for genetic analysis,5,6 immunoassays,7 enzyme 

assays,8 clinical diagnostics,9 and multiplexed on-chip electrospray mass spectrometry.10 
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Whereas these applications have demonstrated the advantages of multiplexing 

microfluidic channels or manifolds, fabrication protocols and device operation are 

normally labor intensive due to the large number of reservoirs that need to be made and 

utilized. Indeed, as the number of channels (N) increases, it becomes more challenging to 

control sample introduction and electrical inputs. In a planar two-dimensional layout, 3N 

+ 1 reservoirs and electrical connections are needed to operate a microdevice.5 Moreover, 

the number of channel networks and reservoirs that can be integrated in a device is 

limited due to spatial restrictions on a device footprint.11 Finally, loading of samples and 

reagents, as well as making electrical connections to multiple reservoirs, is usually time 

consuming. 

 

The two-dimensional nature of many microfluidics platforms does not allow complex 

fluid and electrical connections since microchannels cannot cross each other without 

interaction. Therefore, generating three-dimensional (3D) structures in which 

independent microchannels can cross one another should allow the realization of  more 

sophisticated multiplexed systems with minimal control inputs.12,13  Using phase 

changing sacrificial layers (PCSLs) and solvent bonding,14 I recently developed a method 

to fabricate multilayer polymeric microfluidic systems, as reported in Chapter 5.15 These 

devices have microchannels that can cross one another without electrical or fluidic 

interference.  

 

In this chapter, I report the design, fabrication and evaluation of multilayer polymer 

microfluidic chips with crossover channels for electrophoretic separations and 
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multiplexed analysis. Compared to the devices in Chapter 5,15 the crossover volume was 

reduced at least fifty-fold by using a 250-μm-thick intermediate PMMA film with <100-

µm-diameter through-holes. Finally, multichannel multilayer microchips were evaluated 

for the multiplexed, parallel separation of two fluorescently labeled peptides. 

 

6.2. MATERIALS AND METHODS 

6.2.1 Chemicals 

Peptides, Phe-Leu-Glu-Glu-Ile (FLEEI) and Ala-Leu-Ala-Leu (ALAL), were from Sigma 

(St. Louis, MO), and amino acids including glycine, phenylalanine and arginine were 

purchased from ICN Biomedicals (Aurora, OH). Buffer solutions were prepared with 

deionized water (18.3 MΩ·cm) from an Easypure UV/UF purification system (Dubuque, 

IA). Fluorescein-5-isothiocyanate (FITC) came from Molecular Probes (Eugene, OR). 

All solvents used (acetonitrile, hexane, acetone, and isopropanol) were reagent-grade and 

were purchased from Fisher Scientific (Fair Lawn, NJ). Paraffin wax (melting point, 

65ºC; Service Assets, Newport Beach, CA) was used as the sacrificial material during 

solvent bonding.  

 

6.2.2 Description of the fabrication protocol 

Multilayer microdevices having crossover microchannels were fabricated in poly(methyl 

methacrylate) (PMMA, Cyro, Rockaway, NJ) using a methodology described in Chapter 

4-5.15,16 Microchannels were imprinted in 1/16-in-thick PMMA layers using 

photolitographically patterned and chemically etched silicon templates.17 Fluidic paths in 

the top and bottom layers were interconnected via through-holes in a 250-μm-thick 
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intermediate PMMA film (Goodfellow, Oakdale, CA). Access holes for sample and 

buffer solutions, as well as interconnects in the middle layer, were created using a CO2 

laser cutting system (C-200, Universal Laser Systems, Scottsdale, AZ). To facilitate 

bonding of the middle layer, the thin PMMA film was attached to a microscope slide 

(Fisher, trimmed to 35 x 35 mm) using double-sided tape (Scotch, 3M, St. Paul, MN) and 

bonded to the bottom layer.  Following this, the top layer was sealed as described in 

Section 5.2.2.515 (Figure 6.1).  

 

Figure 6.1 Schematic of the fabrication of multilayer microfluidic devices with a thin 

intermediate layer. 
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6.2.3 Device fabrication 

I used a microchip design similar to that described in Section 5.2.2.1 to evaluate the 

feasibility of fabricating multilayer microdevices with a thin intermediate layer. Figure 

6.2A illustrates the microchip layout in which the separation path has a gap that can be 

bridged with a crossover channel, resulting in a three-dimensional fluidic pathway. 

Microchannel linewidths were 40 µm and the distances from the injection intersection to 

the sample reservoir (SR), buffer reservoir (BR) and sample waste reservoir (SW) were 

0.5 cm. The separation channel was 2.5-cm-long from the injection point to the waste 

reservoir (WR); this distance includes a 0.5-cm-long crossover section located 1.75 cm 

downstream from the injection intersection (Figure 6.2A). 

 

 

Figure 6.2 Microchip designs. (A) Microfluidic device for separations in crossover channels. 

(B) Design layout of a microdevice to run replicate analyses in parallel (additional details are 

in the text). 
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A multilayer microchip was designed to run an individual sample in parallel in four 

channels for simultaneous replicate analysis (Figure 6.2B). Each channel type (e.g., 

injection, separation, etc.) has identical length and number of crossover sections, which 

facilitates operation under a single set of injection and separation potentials. For each 

channel, the distance from the SR to the injection intersection was 2.75 cm, including a 

1.0-cm-long crossover section. The distance from each injection intersection to the SW 

was 1.75 cm, including a 0.5-cm-long crossover. All separation channels were 

maintained in a single layer; the distance from the BR to each microchannel intersection 

was 1.25 cm, while the distance from the injection point to the WR was 3.5 cm. 

 

6.2.4 Electrophoretic analysis 

Amino acids and peptides were tagged fluorescently using FITC as described in Chapters 

3 and 5.15,18 For all electrophoretic analysis experiments, 10 mM carbonate (pH 9.2) 

having 0.5% (w/v) hydroxypropyl cellulose19 (100 kDa average MW, Sigma-Aldrich) 

was used as the running buffer. Three FITC-labeled amino acids were injected and 

separated in a microchip with a crossover channel having the device layout illustrated in 

Figure 6.2A. Briefly, microchannels were filled with running buffer, and 15 μL of 

sample were loaded into the SR. For injection, +1.2 kV were applied at the SW for 20 s 

while keeping the other reservoirs grounded. To effect separation, the BR was grounded; 

the SR and SW were held at +1.2 kV, and 4.0 kV were applied at the WR. Laser induced 

fluorescence (LIF) of the separated amino acids was effected ~500 μm before and after 

the crossover region using the 488-nm line from an air-cooled Ar ion laser; the LIF 

detection system has been described previously.17 I collected the fluorescence signal 
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using a 20x, 0.45 NA objective and a photomultiplier tube to detect photons passing 

through the aperture after spectral and spatial filtering. The sampling rate for data 

collection of the detector output on a personal computer was 10 Hz. 

 

Multiplexed on-chip electrophoretic analysis of FITC-labeled FLEEI and ALAL was 

performed in a 2.5-mm-thick, 3.5 x 3.5 cm microchip having the device layout shown in  

Figure 6.2B. Sample placed in the SR was loaded using “pinched” injection20 for 10-20 s 

with +1.2 kV applied at the SW. For separation, +4.5 kV were applied at the WR while 

keeping the SR and SW at +1.2 kV and grounding the BR. Replicates of injection and 

separation were performed simultaneously in all of the channels in the microdevice. For 

each separation, LIF detection was effected by aligning the laser beam manually with a 

channel ~800 µm from the WR, using the translation stage of an inverted optical 

microscope (TE300, Nikon, Tokyo, Japan). 

 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Separations in crossover microchannels  

My initial work on PCSL-fabricated multilayer microdevices in Chapter 5 served to 

demonstrate the potential of using the PCSL approach to fabricate multilayer 

microdevices with both fluidically and electrically independent microchannels.15 Even 

though some applications can be envisioned in these microdevices, the large diameters of 

the interconnects (~280 μm) relative to the microchannel widths (40 µm) prohibited high-

performance separations in crossover channels. By using a thinner (250-μm-thick) 
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PMMA film as the intermediate layer, instead of the previous 1.6-mm thickness, smaller 

through-holes (<100 µm) can be formed, reducing the crossover volume up to fifty-fold. 

Importantly, thinner intermediate layers should allow the depth of focus of the machining 

laser beam to be more uniform across the substrate, resulting in a higher-fidelity and 

smaller-diameter cut.  

 

Interestingly, I observed that laser-cut openings designed with a 100-μm diameter in 250-

µm-thick PMMA films resulted in through-holes with 60-90-μm diameters. I hypothesize 

that the heat generated by the laser beam melts some PMMA around the opening, which 

then re-solidifies to produce narrower holes.  

The benefits of having a reduced crossover 

volume are tremendous. Figure 6.3 shows the 

separation and detection of three 0.5 µM FITC-

labeled amino acids in a microchannel with a 5-

mm-long crossover.  Detection was performed 

both before (Figure 6.3A) and after (Figure 

6.3B) the crossover. Importantly, all peaks were 

resolved at both detection points. The resolution 

for the Gly and Phe peaks was 1.6 in Figure 

6.3A and 1.2 in Figure 6.3B. The efficiency of 

the phenylalanine peak was 3020 and 950 

theoretical plates in Figures 6.3A and 6.3B, 

respectively. The lower efficiency observed for 
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peaks detected after the crossover section is due to the change in cross-sectional area and 

the four turns experienced by the peaks as they traveled through the crossover. The 

effects of turns in microchannels have been studied before.20-22 In general, bends or 

curves contribute to analyte dispersion due to variations in migration distance and electric 

field strength. Since the electric field is parallel to the microchannel walls in a turn, the 

same potential drop occurs over a shorter distance on the inner side of the curve than on 

the outer side. As a result, the inside edge of the curve experiences a stronger field than 

the outside edge. The faster migration of the solutes near the inner edge of the turn 

compared to the analytes in the outer edge creates band dispersion due to the so-called 

“race-track-effect.”22 

 

For the electric field to remain constant in a microchannel-crossover junction, the cross-

sectional area of the through holes should be made to match the cross-sectional area of 

the microchannels at the interconnecting points. Differences in cross-sectional areas of 

the interconnecting vias and the microchannels cause variations in the electroosmotic 

flow rate (Qos) according to:23 

 

ESQ osos μ=     (6.1) 

 

where S is the cross-sectional area of the microchannel, μos is the electroosmotic mobility 

and E is the applied potential. This difference in EOF in the crossover section compared 

to EOF in the microchannels also contributes to band broadening and can degrade 

separation efficiency in crossover channels. 
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Nevertheless, these results demonstrate that separations are feasible in crossover 

microchannels. The length of the crossover also affected separations. I performed 

experiments with microchannels having a shorter crossover, and for ten trials in two 

different devices; the Gly and Phe peaks were not resolved in microchips with a 1.0-mm-

long crossover (results not shown). 

 

6.3.2 Multichannel microdevices 

As mentioned earlier, multilayer systems are attractive because they can potentially 

facilitate the development of complex microchips for multiplex analysis. Figure 6.4 

shows a photograph of a PCSL-fabricated PMMA microdevice having four separation 

channels in which four replicate analyses of a sample from a common reservoir can be 

run in parallel.  

 

Figure 6.4 Photograph of a multilayer multichannel device to run replicate analyses in 

parallel. The device layout is shown in Figure 6.2B. The microchip is operated using the 

same number of control inputs as a microchip with a single channel. 
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Because of the ability to make crossover channels, only four reservoirs are needed to 

operate the device, which is the same number of inputs used to run a sample in a single 

channel microchip. Importantly, the symmetry of this design should allow more channels 

to be added without the need for extra reservoirs. Alignment of the micrometer-scale 

channels and openings in each layer is critical during fabrication. I used an x-y-z 

alignment and bonding station (Section 5.2.2.5 and Figure 5.1C),15 which helped me 

obtain open fluidic vias in at least three out of four channels in most cases. 

 

Etching crystalline silicon to pattern features with turns such as those in Figure 6.2B is 

problematic and usually results in “chopped” corners or even complete destruction of the 

micropattern. I resolved this issue by etching the Si templates to only 12 μm, which 

reduced the extent of corner cutting of features. Alternatively, SU-8 templates can be 

patterned using photolithography, resulting in microstructures with vertical side walls 

that can be transferred into PMMA substrates using solvent-assisted imprinting.24 Thus, 

better-defined turns should be obtained easily using SU-8 templates. 

 

6.3.3 Multiplexed separations 

PCSL-fabricated multilayer multichannel microdevices were evaluated for the 

multiplexed analysis of two peptides. Figure 6.5 shows three replicate separations of 

FLEEI and ALAL from three different channels. The relative standard deviation of the 

elution time for the ALAL peak was 2.8%. Small observed changes in the peak intensity 

and elution times can be attributed to variations in the injection efficiency and current 

through the different channels. 
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Although the chip design had 

four separation microchannels, 

only three channels were of use 

in the fabricated chip since there 

was no flow in the fourth channel 

due to misalignment at one of the 

crossover connections. The 

results obtained, however, 

demonstrate that crossover 

microchannels fabricated using 

the approach presented here are 

suitable for making microchannel arrays to facilitate the development of sophisticated 

microfluidic devices for multiplexed separations.  

 

6.4 CONCLUSIONS 

I have demonstrated that PCSLs can be used readily in the fabrication of multilayer 

microdevices having a 250-μm-thick intermediate layer. Reduction of the crossover 

volume allowed separations to be performed in a microchannel with a crossover and in 

multichannel multilayer microdevices for multiplexed analysis. Despite a decrease in 

efficiency and resolution when the peaks were detected after a crossover, the separation 

obtained was still acceptable. Both resolution and efficiency could be improved by using 

longer crossovers or making the through-hole diameters the same as the microchannel 

widths. Crossover microchannels facilitated the integration of multiple channels for 
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0.1 μM peptides. Peaks are: (a) FLEEI and (b) 
ALAL. The injection voltage was +1.2 kV and the 
separation voltage was +4.5 kV. 
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parallel analysis with a minimum number of control inputs. Fast (<15 s) separation of two 

peptides was achieved in three channels in parallel. The results obtained clearly 

demonstrate the potential of my fabrication strategy to develop a new generation of 

microfluidic chips. I anticipate that continued efforts and new ideas for multiplexing 

separations will further advance applications of microfluidics for the high-throughput 

analysis of proteomic samples. 
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7. CONCLUSIONS AND FUTURE WORK 

 

7.1. CONCLUSIONS 

7.1.1 Electrically actuated, pressure-driven microfluidic pumps 

The electrochemical pumps presented in Chapter 2 offer several advantages for 

microfluidic applications, including ease to fabricate, operate and integrate with a variety 

of substrates. Moreover, unlike electroosmotic pumps, electrochemical actuation requires 

relatively low voltages (<25 V), and they can be applied to fluid pumping of conductive 

and non-conductive solutions.  

 

I performed pressure-driven pumping of water through poly(methyl methacrylate) 

(PMMA) microfluidic channels using electrochemically actuated micropumps. More than 

150 experiments were carried out using different micropump-microchannel 

combinations. Using the ideal gas law and Faraday’s equation, I developed an equation to 

predict the flow rate for a specific time and applied current. Measured flow rates ranged 

from 8.1 to 13 µL/min and were 1.5-3.3 times lower than predicted values.  This 

difference was mostly due to the gas permeability of PDMS and leaks at the pump-

microchannel interface. I observed that the flow rate in the microchannels could be 

adjusted by modifying the applied voltage. I also determined a maximum pump pressure 

of ~300 kPa. Electrochemical pumping holds great potential for pressure-driven 

applications in microfluidics. Indeed, in Chapter 3, I presented the application of 

electrically actuated pressure-driven pumping in a miniaturized LC system. Moreover, 
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evaluation of new designs and different materials should enable the use of these 

micropumps in other applications. 

 

7.1.2 Electrically actuated, pressure-driven liquid chromatography separations in 

microfabricated devices 

In Chapter 3, I described the capabilities of electrically actuated micropumps for 

pressure-driven microchip LC separations. I designed and fabricated microdevices having 

electrochemical micropumps integrated with microchannels in a glass substrate. Two 

independent micropumps controlled the flow of sample and mobile phase, which enabled 

the implementation of a pressure-balanced injection mode with no dead volume between 

injection and separation. Fast (<40 s) chromatographic separation of three fluorescently-

tagged amino acids with an efficiency of >3000 theoretical plates was obtained in 2.5-

cm-long glass microchannels coated with 10% (w/w) chlorodimethyloctadecylsilane as 

stationary phase.  

 

Chapter 3 demonstrates the potential of electrochemical micropumps integrated with 

microchannels for performing rapid chromatographic separations in a microfabricated 

platform. Due to the stochastic formation of bubbles at electrode surfaces during 

electrolysis, pumping reproducibility decreased with longer electrolysis times. This issue 

can be resolved by decreasing bubble affinity for the electrodes or controlling the 

electrolysis using feedback loop current control. 
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7.1.3 Phase-changing sacrificial layer fabrication of polymeric microdevices for 

chemical analysis 

PCSL work in Dr. Woolley’s group was started by Kelly et al.1 This approach has been 

demonstrated in the fabrication of microchips for high-efficiency electrophoretic 

separations,1 electric field gradient focusing microdevices2 and protein preconcentration 

systems.3 In Chapter 4 of my dissertation, I reviewed the principles and experimental 

protocols used to fabricate polymer microfluidic devices using PCSLs.4  

 

The flexibility of the PCSL approach makes it attractive in microfabrication for many 

reasons. First, by selecting the right combination of substrate, sacrificial material and 

solvent, this method can be extended easily to other polymers, which have not yet been 

explored for microfluidic applications. Second, the bonding step is carried out at room 

temperature, which prevents deformation of the patterned substrate observed in thermal 

bonding. Third, solvent-bonded polymeric microdevices can withstand internal pressures 

at least one order of magnitude higher than thermally bonded microchips. Finally, 

multiple substrates can be bonded together without affecting the properties of the 

previous layers, which should facilitate the fabrication of fluidically complex 

microstructures such as multidimensional microdevices. 

 

Subsequently, I explored the use of PCSLs to make polymeric multilayer microfluidic 

devices. The work presented in Chapter 5 demonstrated for the first time the fabrication 

of multilayer structures with micrometer-sized channels in a thermoplastic material. I 

fabricated three-layered PMMA microchips having crossover microchannels. An 
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important achievement of this work was the ability to fill dead-end channels with the 

sacrificial material using capillary action instead of vacuum. I determined that crossover 

channels were fluidically and electrically independent, in that fluid flow and/or an 

applied electric field in a microchannel crossing over the main fluidic path had no effect 

on current or efficiency in the separation channel.5 

 

My results in Chapter 5 motivated further studies to develop potential applications of 

multilayer devices with crossover channels.  One important challenge to address was the 

reduction of the crossover volume. In initial designs, 40-µm-wide microchannels were 

interconnected via 280-µm-diamenter through-holes, which created a >100-nL dead 

volume at the crossover intersection. Therefore, the posibility of performing separations 

in a crossover channel was not realistic.   

 

To overcome this issue, I used a 250-µm-thick PMMA film instead of a 1.6-mm-thick 

PMMA sheet to make the middle layer (Chapter 6). With this thin intermediate layer, I 

was able to laser cut through-holes with <100-µm diameters, which reduced the crossover 

volume by at least 50x compared to the devices presented in Chapter 5. The advantages 

of the new microchips with thinner intermediate layers were demonstrated in the 

separation of three fluorescently labeled amino acids in a microchannel with a crossover. 

Although the separation efficiency in the crossover channel was somewhat lower 

compared to that in a single-layer channel, resolution was still adequate to separate the 

three peaks. These results demonstrated potential for further integration and development 

of more sophisticated microchannel arrays in polymeric microchips. 
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The importance of having fluidically and electrically independent crossover channels was 

exploited in Chapter 6. I designed a microfluidic chip having only four input reservoirs 

for simultaneous replicate runs in four channels. The use of crossover microchannels 

simplified the design and reduced the space constraints, allowing more fluidic paths to be 

integrated in a specific device footprint. My experiments showed that multilayer 

multichannel microfluidic systems should be well suited for high-performance 

separations in parallel or series. As an example, I injected a sample from a single 

reservoir and separated two peptides simultaneously in three independent channels in <20 

s. This experiment illustrated a significant gain in speed and throughput. Moreover, I 

have demonstrated that new microchip designs and fabrication strategies can help 

microfluidic devices better realize the promises and expectations of the µTAS concept. 

 

 

7.2. FUTURE DIRECTIONS 

7.2.1 Electrically actuated pumping  

In my dissertation, I demonstrated the potential of electrically actuated micropumps for 

applications in microfluidics; however, the versatility of these micropumps can be 

improved and other applications should be explored. Electrochemical pumps have the 

potential to be actuated reversibly. By reversing the direction of the current, the 

electrolysis reaction can proceed in the opposite direction, converting gases into liquid 

again.6,7 moreover, in my experiments water was electrolyzed, but other solutions and 

electrode combinations could also be explored. 
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The adhesion of the Cr/Au electrodes to glass in Chapter 3 was not optimal when 

exposed to KNO3 solution and applied voltage. A device could be operated using these 

electrodes for only 15-20 runs before the metal delaminated. To overcome this issue Pt 

electrodes deposited on top of a Ti layer, which have better adhesion to glass8 should be 

used instead. Ti/Pt electrodes can be placed on glass substrates by e-beam deposition.9 

 

7.2.2 Pressure-driven separations in microfabricated devices 

In 1990, Manz et al.10 presented a paper in which theory indicated that miniaturization 

should improve the efficiency of LC separations. However, no microfabricated devices to 

date have achieved the separation power of conventional LC systems. My work in 

Chapter 3 demonstrated rapid LC microchip separations, but with lower efficiency and 

resolution compared to bench-top LC instruments.  

 

To achieve the goal of higher separation efficiency, open-tubular microchannels can be 

made even narrower (<5 µm deep), which would improve the mass transfer from the 

mobile phase to the stationary phase. In addition, monoliths have been used as separation 

media for chip-based capillary electrochromatography (CEC).11,12 Monoliths are well-

suited for microfluidic devices because they eliminate column packing, since a monolith 

can be polymerized in-situ.13,14 To generate monolithic stationary phases, different 

acrylate monomers in porogenic solvent systems can be polymerized according to 

published work.11,14 By using UV-initiated polymerization, it is possible to cast monoliths 

only in desired regions in a channel. 

 



 180

To improve the resolution of chip-based LC separations, mobile phase gradient elution 

must be incorporated in the system.  In the devices that I developed, this aim can be 

achieved easily by adding a second eluent pump and eluent reservoir. Figure 7.1 

illustrates a microchip layout similar to that in Figure 3.1, but in which a second 

electrochemical micropump has been connected to a second eluent reservoir, for mobile 

phase gradient elution delivery. 

 

 

Figure 7.1 Layout of a microchip LC device with gradient elution capabilities. 

 

In addition to the gain in speed and reduction in sample and reagent usage, 

micromachining facilitates the integration of multiple components or additional 

separation microchannels in a single substrate. Figure 7.2 shows a schematic of a 

microdevice for multidimensional LC separations.  
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Figure 7.2 Layout of a microchip device for multidimensional LC separations. 

 

In this design, sample can be separated in column 1 as demonstrated in Chapter 3. Then, 

the eluent from column 1 can be injected on a second separation column (column 2), 

driven by an additional micropump (Figure 7.2). If column 2 has a different stationary 

phase composition from column 1, the peak capacities of these microfabricated devices 

would be greatly improved over a one-dimensional separation. 

 

7.2.3 Electrochemical detection 

I have demonstrated separations in miniaturized devices, which can in principle be 

portable and used for on-site analyses. However, even with the reduced size of these 

microsystems, they still depend on bulky instrumentation for detection. For all 

experiments in my dissertation, I used LIF detection, which additionally requires non-

fluorescent samples to be derivatized. 
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Miniaturization of the detection mechanism 

is thus highly desirable. Electrochemical 

(EC) detection could be implemented in the 

microchip LC devices fabricated in Chapter 

3. Figure 7.3 illustrates a potential 

arrangement and orientation of a 

microchannel and electrodes. Pt (2,000 Å) 

could be e-beam evaporated on top of a 200 

Å Ti layer to form the electrodes. To optimize the EC detection system, one could study 

the effect of electrode spacing and width on detection sensitivity and performance, as 

well as chromatographic resolution.  In addition, it would be useful to explore the 

deposition of different electrode materials to perform selective analyte detection.15 

 

7.2.4 Microdevices for simultaneous CE analyses with different columns and 

potentials 

In Chapter 6, I demonstrated replicate analyses in parallel using multichannel multilayer 

PCSL-fabricated microdevices. The same approach can be extended readily to make 

microdevices for simultaneous separations of a sample from a single reservoir using 

different columns and potentials. Figure 7.4 illustrates such a device, which has a sample 

reservoir and four independent separation channels. This microchip layout should enable  

different CE separation modes to be performed simultaneously for a single sample.  
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For example, method development 

could be done faster since one could 

experiment with different buffers 

and potentials to optimize the 

conditions 4x faster compared to a 

microdevice with a single channel. 

Furthermore, with a single sample, 

one microchannel could run CZE 

separation, a second microchannel 

having an entangled polymer gel 

would enable CGE analysis;16 and a 

third microchannel filled with a 

buffer containing micelles would allow MEKC separation of the neutral components in 

the sample. Finally, surface modification would enable the incorporation of a stationary 

phase in a fourth microchannel for CEC separation. Indeed, a microfluidic device with 

these capabilities would represent a tremendous advance in high-throughput separations 

and a step forward towards a new generation of chip-based analyses. 

 

7.2.5 Multilayer microdevices for end-column labeling 

Fluorescent labeling of proteins in the separation channel just before the detection point 

is advantageous to minimize band broadening due to differences in electrophoretic 

mobility of the same protein with different levels of derivatization.  
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Although end-column labeling can be performed 

without multilayer devices, crossover channels 

should facilitate connecting a single reservoir 

containing the labeling reagent with several 

microchannels for simultaneous labeling. Figure 

7.5 depicts a microchip layout in which labeling 

reagent can be driven electrokinetically from 

reservoir a into four separation channels.   

 

 

7.2.6 On-chip concentration and clean-up 

Several groups have recognized the potential of microfabricated devices for incorporating 

sample processing steps such as 

preconcentration,3,17 clean-up18 and 

immunoassays.19 One of the challenges 

associated with these applications is the 

incorporation of a membrane or a monolithic 

structure in a specific area of the 

microchannels (i.e., UV polymerization of 

monoliths) without affecting other sections 

or the device. The approach that I developed 

to fabricate multilayered microstructures 

Monolith in 
crossover

Figure 7.6 Device design of a microfluidic 
chip incorporating a crossover channel 
with a monolith structure for sample 
preconcentration.
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preconcentration.

a

b
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multilayer microdevices.
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multilayer microdevices.
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with crossover channels allows connecting an independent channel section with a fluidic 

path in separated layers. The crossover microchannels section can thus be modified prior 

to being part of the completed fluidic path. Figure 7.6 shows a schematic for a device 

containing a crossover channel with a monolith structure, which could be used for sample 

enrichment prior to separation. 

 

In summary, in my dissertation I have developed tools to expand the applications of 

microfabricated devices. Further studies on electrochemical pumping, advances in 

microfabricated columns and electrochemical detection should move forward the field of 

chip-based LC separations. PCSL microfabrication was introduced over two years ago 

and continues to grow. My work pushes the frontiers of this fabrication technique and 

demonstrates strong potential for bioanalysis applications. 
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