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Preface

Biomedical applications ranging from drug discovery and delivery and dis-
ease diagnosis to point of care (POC) devices and tissue engineering have
attracted increasing attention since the last few decades. Biomedical engi-
neering, closely related to biomedical applications, has only recently emerged
as its own discipline. Conventional biomedical techniques however often face
increasing challenges in different biomedical applications, such as high cost,
slow diagnosis, expensive instrumentation, low drug delivery efficiency, and
high failure rates in drug discovery due to the discrepancy between 2D cell-
based assays and living tissues. Additionally, many cases of global diseases
(e.g. malaria, tuberculosis, or TB, meningitis and hepatitis B) happen in high-
poverty areas, such as rural areas and developing nations which often cannot
afford expensive and high-precision instruments. For instance, according to
World Health Organization (WHO) data in 2012, ‘one million cases of bacte-
rial meningitis are estimated to occur and 200 000 of these die annually’ All
these pose great challenges to conventional biomedical techniques.

Microfluidic or lab-on-a-chip (LOC) devices emerged in the 1990s and
have grown explosively in the last two decades due to their inherent advan-
tages associated with miniaturization, integration, parallelization, as well
as portability and automation, including low consumption of reagents and
samples, rapid analysis, cost-effectiveness, high efficiency and less human
interference during operation. Microfluidics offers great potential in
addressing those challenges in biomedical applications. Countless micro-
fluidic systems have been developed for high-throughput genetic analysis,
single-cell analysis, proteomics, low-cost diagnosis, pathogen detection, con-
trolled-drug release, and tissue engineering. After a concise introduction of
the fundamentals of microfluidic technologies, this book highlights current
cutting-edge research of microfluidic devices or LOC platforms in biomedi-
cal applications.

Part I mainly aims to introduce the fundamentals of microfluidic tech-
nologies. Suitability of device construction materials and methods is highly
critical to the success of different biomedical applications. Chapter 1 is dedi-
cated to introduce a variety of widely used materials in microfluidic devices
and their corresponding fabrication methods. Because stable and well-
characterized surfaces are essential to achieve desired performance in some

XXi
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biomedical applications, Chapter 2 provides an overview of strategies used
to accomplish surface coating. Covalent and adsorptive coating strategies
are included. Actuators are responsible for sophisticated manipulation of
fluids and particles in microfluidic systems and have been proved to be of sig-
nificant importance in the successful implement of microfluidic operations.
Chapter 3 summarizes major actuation principles used in medical devices,
and concentrates on two mechanisms, namely, electrokinetics and acous-
tics. Digital microfluidics has recently emerged as a popular approach to
transport individual droplets on an array of patterned electrodes. Therefore,
Chapter 4 discusses the most recent development of this technology with
particular attention to actuation and sensing scalability.

Part II focuses on applications of microfluidic devices for drug delivery
and discovery. The applications of microfluidics technology in drug deliv-
ery and discovery have experienced a sustainable growth in the past two
decades. Microfluidic devices have become an increasingly important tool
to improve the efficiency of drug delivery and reduce side effects of treat-
ment. Chapter 5 provides an overview of controlled drug delivery with vari-
ous microfluidic devices and triggering mechanisms. In particular, Chapter 6
is dedicated to the study of the transdermal delivery of drug molecules and
monitoring biological fluids using microfabricated needles and provides an
overview of recent progress on the microneedle technology. The last chap-
ter in Part II, Chapter 7, presents the roles of microfluidic chips in current
drug discovery and in high-throughput screening, identification of drug tar-
gets and preclinical testing. Potential applications of microfluidic devices in
chemical analysis as well as analysis of metabolites in blood for studying
pathology are also discussed herein.

The cell is the basic organization unit of living organisms, capable of
many basic life processes. Part I11 is dedicated to applications of microfluidic
devices related to cellular analysis and tissue engineering. The behaviors
of particles or cells in microfluidic channels have been found important to
understand the motion of particles or cells of interest. Chapter 8 describes
the fundamentals of microscale fluid dynamics and key issues relating to
biological cell behaviors within microfluidic chips. Different mechanisms
available to manipulate cells and recent development in these areas are pre-
sented in detail. Chapter 9 describes an application of a glass-based micro-
fluidic device in trapping and automated injection of single mouse embryos
for large scale biomolecule testing. Many efforts have also been dedi-
cated to the study of cells and the surrounding culture microenvironments,
which is the key to understand the complex cell biology and tissue genesis.
Chapter 10 is more relative to current advances of microfluidic platforms
for tissue engineering and regenerative medicine applications. Stem cells,
special types of biological cells that can divide and differentiate into diverse
specialized cell types, are the basic building blocks of the human body, and
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the research on stem cells is one of the most fascinating areas. Chapter 11
focuses on the applications of microfluidics technology for molecular and
cellular analysis of stem cells.

Part I'V focuses on applications of microfluidic devices in diagnostic sens-
ing. Miniaturization helps investigators get rid of the restrictions of low
concentration, low volume of samples in protein detection and clinical diag-
nostics. The focus of Chapter 12 is on the development of immunoassays
for antibodies and cytokines analysis on nano-bioarray chips. The impact
of fully integrated microfluidic systems on high performance genetic analy-
sis is described in Chapter 13. Recent development in DNA sequencing,
gene expression analysis, infectious disease detection and forensic short
tandem repeat (STR) typing with integrated microfluidic platforms has
been reviewed. Many conventional diagnostic methods require bulky and
expensive instruments, limiting their applications in resource-poor settings,
especially in developing nations. Paper-based analytical devices have been
developed for low cost and easy-to-use diagnostic applications. The abil-
ity to fabricate microfluidic channels in paper to perform parallel analysis
of various biochemical analysts has been demonstrated. Chapter 14 sum-
marizes recent advances in paper-based microfluidic devices. In addition,
rapid and multiplexed detection of viral infection is highly desired in many
diagnostic applications. Thus, attention has been given to microfluidic POC
devices for sensitive viral detection with high specificity based on immuno-
assays and nucleic acid-based testing in Chapter 15. Furthermore, microflu-
idic devices have been applied in the field of pancreatic islet transplantation
as a clinical therapy for diabetes and radiochemical synthesis for medical
imaging in clinical practices, as discussed in Chapters 16 and 17, respectively.
In Chapter 16, microfluidic devices are used for the study of pancreatic islet
and B-cell physiology and disease pathophysiology. Chapter 17 focuses on
the topic of microfluidic devices for radiochemical synthesis in production
of radioactively labeled tracers for Positron Emission Tomography and
Single Photon Emission Computed Tomography, which are commonly used
to quantify biochemical processes in live organisms.

Xiujun James Li and Yu Zhou
August, 2013
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of microfluidic biomedical devices
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Abstract: The materials that have been employed for the construction of
microfluidic devices have been diverse, ranging from traditional materials,
such as silicon and glass, to newer polymeric materials. Similarly, the
methods for microfabrication have included lithography, casting, injection
molding and hot embossing, to name a few. In this chapter, we provide

an overview of the various materials and methods that have been used

in a diverse range of microfluidic applications. Details on the physical

and chemical properties of the materials, as well as the performance
characteristics of the microfabrication methods, are provided.

Key words: microfabrication, soft lithography, injection molding, hot
embossing stereo lithography, parylene, PDMS, Su-8, paper, glass, silicon,
polycarbonate, polyimide, PMMA, CoC/CoP, polyurethane.

1.1 Introduction

Advanced microfluidic and lab-on-a-chip devices have been extensively
studied and developed over the last two decades,due to their inherent advan-
tages such as low consumption of chemicals, rapid analysis, biocompatibility,
low cost and automation in biological, biomedical and analytical chemis-
try studies. Since the technology for developing these devices was initially
adapted from the conventional semiconductor microelectronic industry, ini-
tial devices were primarily made from silicon and glass. Many commercially
available microfluidic devices are made using this technology. However,
these materials are expensive, require high cost fabrication methods; newer
polymeric materials have been investigated and fabrication processes have
developed, especially in the context of rapid prototyping and disposable
applications. Polymers are macromolecules polymerized from smaller mol-
ecules called monomers through a series of chemical reactions. They can be
categorized on the basis of their structures and behaviors (Nicholson, 1997),
but are mostly classified in accordance with their response to thermal treat-
ment. They have a low cost (suited for disposable devices), can be easily

3
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4 Microfluidic devices for biomedical applications

mass-produced by various rapid prototyping techniques, have a wide range
of material properties (chemical inertness, low electrical, thermal conductiv-
ity, etc.), can also be tailored (using surface modification techniques) appro-
priately for the analyte under consideration and, more importantly, have
been already used in tools and laboratory equipment where conventional
biological and chemical assays have been conducted. The devices made of
polymers are very amenable to automation and high throughput screening.
This chapter describes some of the materials widely used in biomicrofluidic
and manufacture of microelectromechanical systems (MEMS), their prop-
erties, and their fabrication methods.

1.2 Microfabrication methods

The microfabrication techniques used in construction of microfluidic devices
can be broadly classified into two types. These are (1) photolithography-
based,and (2) replication based. In photolithographic microfabrication, light
is used to define patterns on a photosensitive material, and its wavelength
determines the resolution that can be achieved. The final resolution of the
pattern also depends on the limitation of optical components, and mate-
rial properties such as numerical aperture and the polarity of photoresist.
The photosensitive material itself can be used as a structural feature of the
device, or this pattern can be transferred onto another structural material.
In the replication method, a master mold is made using either the photolith-
ographic process or traditional machining processes. This mold, which could
be of any material, can withstand the operating conditions of the process,
and is used to replicate the pattern or feature onto another softer material
through direct physical contact. The choice of the fabrication method in any
application depends on various factors such as the desired substrate, cost,
speed, feature size, and profile. The following sections will briefly describe
existing microfabrication technologies and materials used in microfluidic
applications, along with their advantages and limitations.

1.2.1 Photolithography-based microfabrication

Photolithography is the technique of using light to define features on a
photo-definable material. This technique, along with the established semi-
conductor manufacturing process of thin film deposition and etching, was
initially adapted to produce the first microfluidic devices on silicon (Manz
et al., 1991; Terry et al., 1979) and glass (Fan et al., 1992; Jacobson et al.,
1994) substrates. New methods to fabricate high-aspect-ratio open micro-
channel structures in silicon or glass substrate using various etching tech-
niques such as reactive ion etching, HF wet etching, or KOH wet etching,
were simultaneously developed. Subsequently, the microchannels were
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Microfabrication of microfluidic biomedical devices 5

enclosed using bonding techniques such as electromagnetic induction heat-
ing (Thompson et al.,2002), hydrophobic silicon bonding (Tong et al., 1994),
fusion bonding (Harendt et al., 1992), and anodic bonding (Kutchoukov
et al.,2003). Although these processes are well developed, the cost of the
substrates and of microfabrication in a clean room facility makes them
unsuitable for disposable microfluidic devices. These microfabrication tech-
niques have been extensively reviewed in review articles (Bustillo et al.,
1998; Gad-El-Hak, 2002; Hoffmann and Voges, 2002; Judy, 2001a, 2001b;
Lang, 1996; Maluf, 2002; Miki, 2005; Petersen, 1982; Rai-Choudhury, 1997,
Stokes and Palmer, 2006).

The cost consideration led to the investigation and use of photo-definable
polymers such as conventional photoresists that have been used for pattern-
ing in the microelectronics industry as structural elements in microfluidic
devices. For instance, these photoresists were applied to create manifolds for
microfluidic devices (Burns et al., 1998), though channel height is limited to
<3 pm due to their physical parameters. Even earlier, X-rays were used to
define features in photoresist using a process known as lithographie, galva-
noformung, abformung (LIGA) to obtain >350 um microstructures with an
aspect ratio of >100:1 (Becker et al., 1986). Later, the photoresist SU-8, which
requires no complex X-ray facility, was developed for high microstructures
using the standard photolithography process (Lin et al., 2002; Sikanen et al.,
2005; Yang, 2004). A channel height of 100 um and aspect ratio of >10:1 is
achievable, according its manufacturer (MICROCHEM, 2012).

Various methods have been adopted for fabrication of photoresist-based
microfluidic devices. The first method shown in Fig. 1.1c begins with a spin-
coating of photoresist onto a substrate, and patterning with a photomask
(Metzetal.,2004;Tay et al.,2001). Once the open microchannels are created, a
sacrificial material is filled into the space of the microchannel. Subsequently,
a second layer of photoresist is spin-coated and patterned on top to define
the access holes for inlet and outlet. Finally, the sacrificial layer is dissolved
to create the closed microchannels. The major disadvantage in this process
is the slow dissolution, therefore only short microchannels are applicable.
The second method shown in Fig. 1.1b laminates a dry SU-8 or Kapton film
on top of the open microchannels (Agirregabiria et al.,2005). Although this
process is relatively simple, the alignment and the bonding strength of lam-
ination could be challenging. The third method shown in Fig. 1.1a uses two
exposures at different wavelengths to create the embedded microchannels
in SU-8 (Dykes et al.,2007). The first exposure (365 nm) defines the side-
walls of the microchannels, while the second exposure (254 nm) creates the
encapsulation layer for the microchannels, due to its shallower absorption
depth. The exposure with two wavelengths could be inconvenient in cer-
tain circumstances and a slow dissolution problem similar to that in the first
method could happen here.
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1.7 Microfabrication processes for (a) multi-wavelength exposures,
(b) lamination and (c) sacrificial layer.

Alternatively,stereolithography (Morimoto et al.,2009; Tse et al.,2003) and
laser ablation are also used for the microfabrication for microfluidic devices.
The former method is an additive manufacturing process that employs lig-
uid resins and high intensity light beams to build 3D microstructures. The
photo-induced cross-linking happens upon the exposure of the liquid resin.
The process time depends on the complexity of the 3D microstructures;
therefore, it is commonly used for prototyping. An extensive review on ste-
reolithography can be found in (Arnaud Bertsch et al.,2002; Melchels et al.,
2010). The latter method is a subtractive manufacturing process that uses a
focused high intensity laser beam to evaporate the material from the surface
(Jensen et al.,2004; Khan Malek,2006). Laser ablation is mostly used to fab-
ricate microchannels in thermosetting polymers such as polyimide due to its
physical properties (Metz et al.,2001,2004; Yin et al.,2005). Microstructures
of nanometer scale have been demonstrated (Kim et al.,2005); however, the
surface roughness and properties using laser ablation are difficult to con-
trol and highly dependent on the manufacturing parameters. An extensive
review on laser micromachining can be found in Rizvi (2003), Shiu et al.
(2008), Dubey and Yadava (2008) and Gattass and Mazur (2008).
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1.2.2 Replication based methods

One of the major advantages of using polymers in microfabrication owes
largely to low cost, high volume replication methods such as soft lithography,
hot embossing, and injection molding. A master (also called a mold) is an
essential tool for all replication methods, and it can be fabricated through
conventional photolithography, silicon etching, LIGA, laser ablation, and
micro-electrode discharge machining (micro-EDM). The selection of mold
fabrication method depends on the available material, resolution, aspect ratio,
and processing conditions. In the following sections, brief descriptions of vari-
ous replication methods and their performance characteristics are given.

Soft lithography

Due to its simple process, excellent material properties, low manufactur-
ing cost, and high replicating accuracy, the soft lithography process has
become one of the main rapid prototyping methods (Xia and Whitesides,
1998) used in microfluidics. Commonly used materials, such as Sylgard
184 by Dow Corning and RTV 615 by Elastosil, contain two components,
a base elastomer and a curing agent. The mixture is degased to prevent
the formation of air bubbles and then cast on the mold as shown in
Fig. 1.2. After curing, the elastomer is peeled from the mold and bonded
to a glass slide or other polymer sheets to create closed microchannels.
Various methods have been developed to increase the bonding strength
for each polymer. For example, a treatment with oxygen or air plasma
can lead to a permanent bond between two PDMS layers. A replication
accuracy of ~ 10 nm feature has been demonstrated using this method
(Hua et al.,2006). In addition to elastomers, other polymers, such as poly-
urethane and polyester, can also be used in casting microfluidic structures
since they can be cured through temperature or UV exposure (Fiorini

Mold with microstructures

Covered with uncured PDMS mixture

Peel cured PDMS from mold

Seal microchannels after bonding

1.2 Process flow for soft lithography.
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et al.,2007; Wu et al., 2012). An extensive review on soft lithography can
be found here (Rogers and Nuzzo, 2005; Qin et al.,2010).

Hot embossing

Hot embossing had been commonly used for the microstructuring of poly-
mers in industry before it was adapted for microfluidic applications due to
its relatively simple process, wide selection of materials, and availability of
facility. As shown in Fig. 1.3, the microstructures are transferred from the
master to the polymer by stamping the master into the polymer, softened
by heating above its glass transition temperature. This method is limited to
thermoplastic polymers,and a variety of polymers have been successfully hot
embossed with microstructures, including polycarbonate (Klintberg et al.,
2003), polyimide (Youn et al., 2008), cyclic olefin copolymer (COC) (Jeon
et al.,2011), and PMMA (Becker, 2000). The surface quality, temperature
uniformity, and chemical compatibility of the master determine the success
of the hot embossing. A replication accuracy of a few tens of nanometers has
been achieved using this method (Kolew et al.,2010; Roos ef al.,2002; Schift
et al.,2000). A variation of this method is known as ‘nano imprinting’, where
the feature size is from a few tens to hundreds of nanometers. An extensive
review of hot embossing and nano-imprint lithography can be found in Guo
(2007), Matthias Worgull (2009) and Worgull et al. (2005).

Mold with microstructures

To-be-embossed polymer

iy

l‘- I.
1.3 Process flow for hot embossing.
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Injection molding

Similar to hot embossing, injection molding is well established as the most
suitable fabrication process for polymers in high volume production, due
to its fast process time and high replication accuracy. As shown in Fig. 1.4,
the polymer is fed into a chamber and melted through heating (200-350°C
depending on the melting temperature of polymer). It is then injected into
the mold cavity and cooled to form a replica. In the microfluidic application,
a good filling without trapping air bubbles is one of the key requirements for
successful molding. Although the cycle times for injection molding can be
as fast as several seconds, insufficient cooling time for polymers can lead to
thermal stress and defect formation. The process control over various param-
eters such as injection pressure, molding temperatures and their duration, and
cycle times etc. increases its complexity. Moreover, the relatively high cost of
the mold material to ensure it is capable of withstanding a high temperature
process is also one of its disadvantages. However, the major advantage of
injection molding over other replication methods is its ability to form 3D
microstructures without geometrical constraints, using both thermosetting
and thermoplastic polymers. Additional fluidic components, such as intercon-
nections and connectors, can also be integrated together (Gartner et al., 2007,
Mair et al.,2006). An extensive review on injection molding can be found in
(Attia et al.,2009a; Attia and Alcock, 2011; Heckele and Schomburg, 2004).
The fabrication techniques that have been briefly described in this section
represent commonly used methods for fabrication of microfluidic devices.

Heater

Material feed

'

S\
T_‘

Heated screw

Mold with microstructures Injection nozzle

1.4 Set-up for injection molding.
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In addition, there is a wide range of other methods, such as micro-thermo-
forming, micro-electrodischarge machining, LIGA machining, micro-milling,
and precision machining, that have been used, though less frequently, for
microfluidic device fabrication. These methods are reviewed in (Giselbrecht
et al.,2004; Hupert et al.,2006; Malek and Saile, 2004; Nikumb et al., 2005;
Truckenmuller et al.,2002; Wolfgang Ehrfeld et al., 1996).

1.3 Materials for biomedical devices

Although there have been several advances in the processing of microstruc-
tured materials for use in medical diagnosis and treatment such as the func-
tional biomaterials that provide unique interactions with proteins and other
biological specimens, this section will cover the common materials used for
biomedical devices.

1.3.1 Glass

Glass is an amorphous, solid, silicon compound that can be also applied
in fabricating microfluidic devices. This material has number of favorable
features, e.g. chemically inert, insulated, transparent, and low fluorescence
emission, that make it suitable for microfluidic devices used in biological or
optical applications. The most commonly used glass for microfluidic device
manufacturing is Corning Pyrex 7740, due to its compatibility in thermal
expansion with silicon (Grétillat et al., 1997). Fused silica (quartz) is another
attractive material in certain applications that require UV-transparency; how-
ever, it is expensive. Also, quartz has a crystalline structure that makes aniso-
tropic etching possible. Apart from these, there are two other kinds of glasses
that have been used to fabricate microfluidic devices, namely soda lime glass
and FOTURAN glass, which will be introduced in following sections.

Fabrication

The fabrication techniques for glass-based microfluidic devices have not
been extensively investigated, and are not as well developed as those for
silicon. Due to the amorphous nature of most glass substrates, etching using
wet chemicals is usually isotropic and hence the aspect ratios obtainable are
typically lower than with silicon. Despite this factor, glass has been used for
fabrication of microfluidic devices, as many biochemical reactions have been
characterized and standardized in these substrates. Various methods, includ-
ing wet chemical etching (Zhang et al.,2001), plasma etching (Xinghua Li
et al.,2001), powder machining (Schlautmann et al., 2001), laser microma-
chining (Ke et al., 2005), and ultrasonic drilling (Egashira et al., 2002) have
been used to microstructure glass.
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Wet chemical etching

Wet chemical etching is the most common strategy for glass microfabrica-
tion. In most cases, hydrofluoric acid (HF) is used as the main etchant for
any type of silicate glass. Some other components, such as HCI, HNO;, and
NH,F-buffer may also be added to control the etch rate (Spierings, 1993).
The chemical reaction for etching is shown below:

SiO, + 6HF>H,SiF, + 2H,0 [1.1]

Wet chemical etching is isotropic and produces rounded side wall micro-
channels. The shape and angle of the side wall may be adjusted by applying

(a) ‘ﬂ’ Fixed mask

| A

A

Glass substrate

(b)

17:52 000000 WD10.6mm 15.0kV x600

(© « "y Fixed mask
| ~

I Receding mask
o 0

Glass substrate

SE 17:29 000000 WD10.0mm 15.0kV x600

1.5 Schematic representation of etching of glass using (a) Si passive
etch mask and (b) SEM image of the cross-section of a isotropic

glass etching using a fixed a-Si as the etch mask. (c) Schematic
representation of etching of glass with a bilayer mask made of a fixed
mask and a receding mask. (d) SEM image of the cross-section of a
channel etched in glass using a 10-nm layer of Ti as a receding mask.
(Source: Reprint from Pekas et al. (2010) with permission.)
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titanium as a receding mask during wet etching (Fig. 1.5) (Pekas et al.,2010).
The depth of the channel is controlled by the etch rate and etch duration.
Furthermore, the width of the channel can be estimated by the mask open-
ing plus twice the channel depth. Gold (Au) is a suitable masking material
for HF etching because of its inert nature. Usually, a patterned chromium
(Cr)/Au thin film is used as a mask for glass wet etching, where Cr pro-
vides the adhesion between glass and Au Poly-Si layer patterned by plasma
dry etching, and photolithography is another popular masking method. In
the case of some shallow etches, a thick layer of negative photoresists (i.e.
SU-8) may be a simple, low cost but suitable masking material. Anisotropic
wet etching of glass is possible if crystalline quartz is used as the substrate
material. Z-cut wafers are typically used, as the etch rate in this direction is
significantly greater than any other direction. With proper design and tuning
of etch conditions (i.e. etchant concentration and temperature) (Rangsten
and Hedlund, 1998), appropriate shapes required for microfluidic structures
can be obtained.

Plasma etching

The fundamental principle of reactive ion etching (RIE) of glass is similar
to that for silicon. During RIE etching, gas phase etchants such as CHF,
CHEF;, CF,, or their combination, are introduced in plasma to produce fluo-
rine radicals that directionally bombard and etch the glass substrate. The
chemical reaction for etching is presented below:

Si0, + CF,~>CO, +SiF, [1.2]

The etching rate decreases strongly with increasing proportion of non-vola-
tile oxides produced during etching, resulting in a low etch rate (10 nm/min)
(Ronggui, 1991). High speed directional etching of glass was achieved by apply-
ing high-density inductively coupled plasma (ICP) and a strong permanent mag-
net to stabilize the plasma. By doing so, the etching rates of 0.3 ym/min glass and
1 um/min for quartz can be obtained (Xinghua Li et al.,2001) (See Fig. 1.6).

Other methods

A simple method of micromachining glass has been devised through
the use of the dicing process. Diamond blades (blade widths can be very
thin (below 100 um) depending on the diameter of the blade) are used
in this process, with low depth of cuts to precisely define microchannels.
Photoresist coating on the dicing substrate is used to prevent redeposition
of debris from the dicing process onto the substrate (Ngoi and Sreejith,
2000). However, this method is usually limited to fabricating simple,
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(a) Sloped profile (b) Vertical profile
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1.6 SEM images and schematic illustrations of the observed etched
profiles of ICP-RIE etching (pressure 0.2 Pa, self-bias voltage 390V,
etching time 1 h). (Source: Reprint from Xinghua Li et al. (2001) with
permission.)

straight microchannel structures. The aspect ratio of structures produced
by dicing can be further improved by introducing ultrasonic vibration dur-
ing cutting, since it can reduce cutting force thus avoiding breakage of the
glass (Egashira et al.,2002).

Conventional laser micromachining has been used for making a number of
through-holes in glass. In this method, glass is removed by targeted ablation
with a pulsed laser. The removed materials usually form debris that redeposit
on the substrate, which limits its application in fabrication channel shape
features (Bu et al., 2004). However, Ke et al. performed laser micromachin-
ing under fluid where the debris could be carried away from the machin-
ing site, avoiding redeposition. By this approach, the microchannel features
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were successfully synthesized in glass without any post-processing (Ke et al.,
2005). Recently, the femtosecond laser has been applied for nanofabrication
glass with a resolution down to several hundred nanometers (100-500 nm)
(Korte et al.,2003). In this process, the debris formed per pulse is small and it
solidifies before redeposition. By applying this technique, micro- and nano-
channels with high aspect ratios and good wall-surface quality are made suc-
cessfully (Hwang et al.,2004; Kudryashov et al.,2007).

Powder machining is another technique that is used for making intercon-
nect through-holes in glass. In this process, sharp indenting particle jets are
shot at high speed on to the substrate protected by a thick layer of masking
material (Ordyl BF410 resist foil). The impingement of these sharp particles
generates micro-cracks, which erode the exposed regions (defined by poly-
mer mask) of the glass substrates (Belloy et al.,2000). This procedure is able
to provide fast etching rate (25 pm/min), but requires special facilities and
produces features with high surface roughness (Schlautmann et al., 2001).

Soda lime glass is a multi-component mixture consisting of small amounts
of Na,O, CaO, MgO, and Al,O;, as well as SiO,. This material is also
employed in glass microfluidic device fabrication for facilitating the glass-
to-glass fusion bonding procedures (for enclosing the microfluidic channel),
as well as reducing the fabrication cost (Lin et al.,2001). FOTURAN glass is
another special glass that made by special components that contained CeO,,
Ag,0, and Sb,0;. This material would crystallize after exposure under UV
light and the etch rate of the crystallized regions is increased significantly.
Thus, high-aspect-ratio (20) glass microfluidic features can be obtained
by using this material. More details on FOTURAN microfabrication and
mechanism can be obtained in (Dietricha et al., 1996).

Bonding

Glass, glass and glass-silicon wafer bonding are usually employed for seal-
ing the fabricated glass microfluidic features. The wafer bonding can also be
used to assemble several wafers with different micro-features on them to
construct a complex, tall microfluidic design. Other materials, such as GaAs
and SiC, can also bond on wafer to create versatile devices, e.g. electrodes,
heaters, sensors, and detectors. Bonding techniques used for glass include
fusion bonding, anodic bonding, and adhesive bonding. The details of these
wafer bonding approaches can be found in the review paper (Gosele and
Tong, 1998; Schmidt, 1998).

Applications and future trends

Since glass is one of the most widely used substrate material in biology, bio-
medical microfluidic devices such as those used for the DNA stretch and
capture device (Sidorova et al., 2009), DNA mass spectrometry (Erickson
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and Li, 2004), and micro-DNA amplification (polymer chain reaction
(PCR)) devices (Lagally et al., 2000) have typically been microfabricated
in glass. Many components such as monolithic membrane valves/diaphragm
pumps for high throughput assays, micro-pumps, micro-flow, and pressure
sensors (Grover et al., 2003) have also been integrated with glass microflu-
idic devices. Moreover, because glass is transparent under a wide wavelength
range (glass: vis—near IR transparent; quartz: UV-near IR transparent), it is
widely used in making micro-optical bioanalytical devices (Xudong Fan and
White, 2011).

With its unique properties, glass is the most suitable substrate for micro-
fluidic devices for biological and biomedical application. The surface prop-
erties of glass have been well characterized for surface functionalization, as
well as for electrophoretic and electrokinetic assays. Additionally, by apply-
ing the laser microfabrication, the glass-based microfluidic device can be
made by signal step. However, the amorphous nature of glass, cost of the
substrate, and lack of a simple bonding method have prevented widespread
use of glass as a substrate in many microfluidic applications, especially in
research. However, it will remain the material of choice for biological and
medical applications in the commercial domain.

1.3.2 Silicon

Silicon is the second most abundant element in the Earth’s crust, after
oxygen. Highly pure silicon is usually extracted directly from silica (SiO,)
or other silicon compounds by molten salt electrolysis and refined by the
Czochralski process into ultra-high purity single crystals that are used in
the semiconductor industry and for MEMS and microfluidic devices (Lang,
1996). The widespread availability of single crystal silicon wafers, and the
techniques developed for their processing in the semiconductor industry,
facilitated the development of some of the first microfluidic devices, such
as inkjet print heads (Kim et al., 2008), and gas chromatograph columns
(Terry et al., 1979) on this substrate. Subsequently, numerous silicon-based
microfluidic devices with applications in chemical and biochemical assays
(Lion et al.,2003), disease diagnostics (Lee et al.,2010), drug delivery (Zafar
Razzacki et al.,2004), and environmental monitoring (Jang et al.,2011) have
been developed.

Fabrication

Microfabrication of silicon-based devices can be broadly classified as bulk
micromachining and surface micromachining. In bulk micromachining,single
crystal silicon is used as a substrate and various etching processes (wet and
dry etching) are used to etch into the substrate to create the microchannel
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structure. In surface micromachining, the substrate provides a stable and flat
base, upon which the microchannel structure is constructed by depositing
various materials in thin film form.

Bulk micromachining

In this process (Fig. 1.7a), photolithography is used to define patterns on
a silicon wafer. Subsequently, the microscale features thus patterned, such
as microfluidic channels and chambers, are constructed by etching into the
exposed regions in the silicon substrates. Finally, another silicon or glass
wafer is bonded to the micro-structured wafer to form closed microfluidic
structures. The etching process used in bulk micromachining can be classi-
fied as wet (liquid) and dry (gas) etching, based on the phase of the reac-
tants used. Depending on the etchants used, isotropic or anisotropic etching
is possible (Fig. 1.8) (Petersen, 1982).

(a) (b)

Thin __|
film . —
“— Nitride Substrate Deposit a thin film
Silicon j Photoresist |
—
— [— Spin photoresist
l KOH etching and soft baking
Light
Photomask
~ Ll
Silicon T —
plate )
Expose photoresist

l Further KOH etching

Nitrate
membrane

l Nitride patterning ':\

[ Etch thin film

Develop photoresist
and hard baking

I
—
|

Nitride beam

-
’_K

1

Strip photoresist

1.7 (a) Bulk micromachining and (b) surface micromachining. (Source:
Reprint from Ziaie (2004) with permission.)
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1.8 (a) Isotropic and (b) anisotropic etching. (Source: Reprint from Ziaie
(2004) with permission.)

For instance, the combination of hydrofluoric acid (HF), nitric acid
(HNO,), and acetic acid (CH;COOH) etches silicon without any direc-
tional dependence (isotropic). The HNO; oxidizes the exposed silicon sur-
face into SiO,, which is then subsequently etched by HF, and the reaction
products dissolve into the etchant solution. The etch rate can be controlled
from 0.1 to over 100 um/min by varying the ratio of acid mixture in HNA
(Maluf, 2002). Alternatively, potassium hydroxide (KOH), sodium hydrox-
ide (NaOH), ammonium hydroxide (NH,OH), and ethylenediamine pyro-
catechol (EDP) produce anisotropic etching. The etch rate is related to the
surface density of silicon atoms, which are different along various crystal-
lographic directions in single crystal silicon. In general, the etching rate in
<111> direction is two to three orders of magnitude slower than in <110>
and <100> directions. The <111> planes serve as etch stop, and 3D struc-
tures with submicrometer resolution can be obtained using these etches.
Microfluidic channels with sloping sidewalls (54.74°) made of (111) planes
have been made using <100> wafers, while <110> wafers are used for verti-
cal sidewalls (90°).

Dry etching of silicon is typically carried out by using reactants
(etchants) in gaseous form to the wafer and using plasma to energize
and direct them toward the wafer. This process is known as RIE. This
process can be either isotropic or anisotropic, depending on the pressure
in the plasma chamber and the electric field that provides directionality
to the ionic species in the plasma (Verpoorte and De Rooij, 2003). One
of the most popular RIE processes is the Bosch process, which involves
the alternative plasma etching and protection layer deposition step. Deep
reactive ion etching (DRIE) using the Bosch process can obtain very
high-aspect-ratio structures with anisotropies in the order of 30:1 and
sidewall angles of 90+2 degrees with typical etch rates of 2-3 pm/min
(Kovacs et al., 1998). An extensive review of bulk micromachining pro-
cesses are detailed in Fu et al. (2009).
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Surface micromachining

In this process (Fig. 1.7b), silicon-based materials are deposited in thin
film form using chemical vapor deposition processes to produce structural
features on a substrate. Two kinds of materials are deposited alternately
till the entire structure is built. Poly-silicon (Poly-Si) is generally used as a
structural material while silicon dioxide (SiO,) and silicon nitride (Si;N,) is
used as the sacrificial material. First, the sacrificial material (SiO,) is depos-
ited and patterned using photolithography to produce the features of the
microfluidic channels or networks. Then, poly-Si is deposited over it and
patterned, again using photolithography, to expose the structural mate-
rial only in the reservoir or interconnect regions. Several layers of micro-
channels or microscale features can be built by alternately depositing and
patterning the structural and sacrificial materials. Finally, the fabricated
devices are exposed to HF, which etches all of the patterned SiO,, leav-
ing behind the poly-Si structure that forms the microfluidic network. The
process requires highly compatible materials and chemical etchants with
high etch selectivity so that the etching of one will not affect the other. An
extensive review of various surface micromachining methods and process
is detailed in (Bustillo et al., 1998).

Applications and future trends

Many essential components of microfluidic devices have been fabricated in
silicon,such as (1) micro-valves (Oh and Ahn,2006);(2) micro-pumps (Laser
and Santiago, 2004); and (3) channels (Verpoorte and De Rooij, 2003),
using a combination of the various micromachining methods. Silicon-based
microfluidic devices have found application in inkjet printing (Petersen,
1979), liquid chromatography (LC) (Manz et al., 1990), gas chromatography
(GC) (Terry et al., 1979), mass spectroscopy (MS) (Schultz et al., 2000),
cell detection (Verpoorte et al., 1992), disease diagnostics (Vo-Dinh and
Cullum, 2000), DNA extraction (Tian et al., 2000), drug delivery (Chung
et al.,2008), and miniaturized flow injection analysis (FIA) (1994).

Silicon is one of the first materials used for fabricating microfluidic
devices. There are several advantages that make silicon suitable: (1) the
micromachining technology for silicon is well developed; (2) oxidation of
silicon surface produces SiO,, which is an ideal surface that is suitable for
biochemical analysis; and (3) various surface modification chemistries are
available for silicon and SiO, that make it suitable for functionalization
of biomolecules. However, the cost associated with cleanroom processing
and the time involved with micromachining, along with the cost of the
substrate itself, make devices made of silicon expensive. Still, the advan-
tages that silicon possesses make it an ideal material of choice for micro-
fluidic components and some devices in the commercial domain.
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1.4 Polymers

Polymers are macromolecules polymerized from smaller molecules called
monomers through a series of chemical reactions. They can be catego-
rized on the basis of their structures and behaviors but are mostly classified
according to their response to thermal treatment.

1.4.1  Polydimethyl siloxane (PDMS)

PDMS exists in various forms such as fluid, gel, elastomer, resin, and rub-
ber (Brook,2000 ) and has been used extensively in microfluidic applications
for analytical chemistry (Seethapathy and Gorecki, 2012), biology (Sia and
Whitesides, 2003; Kartalov et al., 2006), biomedical devices, and medicine.
PDMS consists of repeating Si-O backbones with two CH; organic side-arms
linked in the polymeric chain. PDMS can be made into its elastomeric form
by a process of cross-linking long chain siloxane oligomers containing vinyl-
terminated end groups (base) with short chain cross linkers. The reaction mix-
ture also contains platinum-based catalyst, inhibitors, and silica filler (Fu ez al.,
2003). The process of cross-linking and polymerization is accelerated by heat
treatment and increasing the volumetric ratio of cross-linker to base, which
also increases the rigidity of the final elastomer (Campbell et al., 1999).

Fabrication of microfluidic devices using PDMS

The process used to fabricate microdevices in PDMS material is termed soft
lithography (Xia and Whitesides, 1998; McDonald et al.,2000). In this process,
a master mold is created where the microchannel geometry is defined on pho-
toresists photo-lithographically on a silicon wafer as protruded features (Qin
et al., 1996; Dufty et al., 1998; Xia and Whitesides, 1998). Master molds have
also been fabricated using silicon bulk micromachining methods (Effenhauser
et al., 1997). Then, components of commercially available PDMS base and
agent (Sylgard 184 Kit, Dow Corning, USA) are mixed in an appropriate vol-
umetric ratio and cast over the master mold. Cross-linking and polymeriza-
tion are achieved through the application of heat (65-90°C for 2—4 h), after
which the PDMS elastomer formed is peeled off the master mold, forming a
negative replica. Fluid access ports are punctured and the micro-structured
substrate is bonded to a second PDMS layer for enclosure. Chemical surface
treatment (i.e. silanized in 3% v/v dimethyloctadecylchlorosilane in toluene
for 2 h) of the master mold before casting can serve as a mold release layer
and improve the reliability of the casting process. The process flow is depicted
in Fig. 1.2. Fabricated PDMS microchannels are shown in Fig. 1.9.

A replication accuracy of ~10 nm has been demonstrated for PDMS mate-
rial itself (Hua et al.,2006). Therefore, the feature size that can be obtained
largely depends on the resolution and capability of the process creating
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(b)

| Se—

100 pm

1.9 (a) A bioreactor fabricated from PDMS with multiple side input/
output interconnects. (Source: Reprinted with permission from
Balagadde et al. (2005).) (b) Scanning electron microscopy view of
the microchannels of another capillary electrophoresis device made
of PDMS. (Source: Reprinted with permission from Duffy et al. (1998),
Copyright (1998) American Chemical Society.)

Table 1.1 Minimum feature sizes (MFS) and maximum aspect ratios (AR) fabricated

in PDMS

Fabrication method MFES (um) AR Ref.

Multi-spinning 20 17 Natarajan et al.,
of SU8 for 2008

photolithography

and soft lithography

LIGA and PDMS 20 15 Kim et al., 2002
casting

Laser and electron <20 4 Shiu et al., 2010
discharge

micromachining

followed by PDMS

casting
Proton Beam Writing 2.5 5.2 van Kan et al.,
for Ni masters and 2007

PDMS casting

master molds. Table 1.1 summarizes the minimum feature sizes and maxi-
mum aspect ratios achieved in PDMS replication using various processes
that are commonly used to make master molds.

Interconnection and bonding

One of the contributing factors toward the popularity of PDMS as a rapid
prototyping material is the ease with which strong bonding to various sub-
strates can be obtained as well as the variety of methods for interconnection.
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Interconnection is used to connect microfluidic networks in chips to mac-
roscale devices, ports, and fittings. Various methods have been developed
for interconnection to PDMS devices, including manual or machine-based
coring and insertion of needles or tubing such as low density polyethylene
(LDPE) tube, as well as the usage of more standardized world-to-chip inter-
face sockets. These have yielded interconnects that withstand pressure of
100-700 kPa without leakage (Fredrickson and Fan,2004; Christensen et al.,
2005b; Bhagat et al., 2007; Quaglio et al., 2008; Westwood et al., 2008). The
strength of the interconnect has also been enhanced through plasma oxidiza-
tion prior to interconnection, intermediate adhesive layers, and usage of fas-
tening O-rings (Li and Chen, 2003; Fredrickson and Fan, 2004; Christensen
et al.,2005a; Saarela et al.,2006; Bhagat et al.,2007; Quaglio et al., 2008).

Reversible and irreversible bonding of PDMS to itself as well as a variety
of other materials has been realized. Some of the widely used methods of
bonding PDMS include:

Plasma treatment: after peeling off the master mold, the surface of the
PDMS is inertly hydrophobic due to the presence of the surface methyl
groups. Exposure to oxygen plasma opens up hydrophilic hydroxyl radi-
cals on the surface, which upon conformal contact with another oxidized
PDMS surface will form irreversible Si-O-Si bonds (Dufty et al., 1998). The
plasma exposed surfaces have to be brought into contact immediately to
ensure strong bonding. Delay after exposure leads to diffusion of PDMS
chains from the bulk onto the surface, which reduces the surface density
of hydroxyl groups responsible for bonding (Hillborg et al., 2000). In addi-
tion to PDMS (Dutfty er al., 1998; Eddings et al., 2008), bonding to glass,
Si (Bhattacharya et al., 2005) and passivated layers on Si (i.e. phosphosili-
cate glass (PSG), undoped silicate glass (USG), Si;N,, and SiO, (Tang et al.,
2006) have also been achieved by this method. Plasma treatment with other
gases (1:2 argon:oxygen) has also been employed to investigate the bond
between polyethylene terephthalate glycol (PETG), COC, and polystyrene
(PS) with PDMS and polyurethane (PU) layers (Mehta et al.,2009). PDMS
and parylene have been bonded using exposure to SF:N, plasma (Rezai
etal.,2011). In addition to surface oxidization for making the PDMS surface
hydrophilic, methods involving treatment of PDMS surface with sodium
silicate (low temperature adhesive for glass bonding applications) (Wang
etal.,1997; Ito et al.,2002), sol-gel techniques (Roman et al., 2005), silaniza-
tion (Papra et al., 2001), chemical vapor deposition (Lahann et al., 2003),
atom transfer radical polymerization (Xiao ef al.,2002), and polyelectrolyte
multilayers (Liu et al.,2000) have also been investigated.

Chemical treatment. Eddings et al. (2008) used other chemical-based
methods such as partial PDMS curing, varying base:agent mixing ratio and
uncured PDMS adhesive to bond two PDMS layers. Fabrication of multi-
layer microfluidic 3D networks has been achieved by the ‘multilayer soft
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lithography’ method (Unger et al., 2000). Each layer containing an excess
amount of PDMS base or cross-linker chemical is cast over its mold, peeled
off, and bonded to the other layer with an opposite chemical composition.
Migration of excess molecules toward the interface forms a bond, resulting
in a monolithic elastomeric device.

PDMS-PDMS and PDMS—PMMA bonds were realized by immersing
or spin-coating the surfaces with a thin layer of diluted silane solution (5%
3-aminopropyltriethoxysilane (APTES) in water), plasma oxidizing, and
physically attaching together (Vlachopoulou ez al., 2009). An extension of
this technique was used to bond PDMS to PMMA, PC, PET, U-PET and PI
(Tang and Lee, 2010).

Mechanical: PDMS-PMMA and PDMS-parylene bonding have been
achieved by low temperature and applied mechanical pressures on the
assembly (Ko et al.,2003; Kim and Najafi, 2005; Chow et al.,2006).

A comprehensive view of the various bonding methods used, methodol-
ogy and the bond strengths obtained is summarized in Table 1.2.

Applications and future trends

PDMS is considerably cheaper compared to traditional MEMS substrates
such as silicon or glass; it can be easily replicated and bonded to a diverse
range of substrates; it has been used to develop various fluidic components
(Ng et al., 2002); and it has satisfactory optical transparency, mechanical
stability (Armani and Liu, 2000), gas permeability, and biocompatibil-
ity (Chang et al., 2007). These characteristics make PDMS the material of
choice for rapid prototyping of microfluidic devices. The evidence of this is
its extensive use in prototyping of microfluidic devices for chemistry, biol-
ogy, and medicine-based applications (Sia and Whitesides, 2003; Kartalov
et al.,2006; Seethapathy and Goérecki,2012). PDMS will continue to be used
as a popular rapid prototyping material for microfluidic devices in a variety
of academic and industrial setting.

1.4.2 Parylene

Parylene is another widely used polymer in microfluidic applications. It has a
para-xylylene backbone and is commercially available in the forms of basic N
(poly-para-xylylene) and C and D that have 1 and 2 chlorine atom replaced
in their benzene backbone, respectively. Parylene has been widely used in
fabrication of microchannels (Man et al., 1997; Webster and Mastrangelo,
1997), micro-valves (Rich and Wise, 1999; Wang et al., 1999; Carlen and
Mastrangelo, 2002; Chen, 2007), membrane filters (Yang et al., 1998), peel-
off masks for protein and cell micro-patterning (Ilic and Craighead, 2000;
Jinno et al.,2008; Wright et al.,2007,2008; Delivopoulos et al.,2009; Tan et al.,
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2010), functionalized coated surfaces for 3D patterning of proteins (Chen
and Lahann, 2005), spatially selective coating of microchannels for surface
functionalizing (Chen et al.,2006a; Chen and Lahann,2007), microelectronic
circuits (Olson, 1989; Lin and Wong, 1992), biological sample encapsulations
(Nosal et al., 2009), dielectric interlayers (Selbrede and Zucker, 1997), and
wire bond enforcement (Flaherty, 1995) in microchip packaging. Readers
are referred to a recent article by Tan and co-workers (Tan and Craighead,
2010) for more elaborate review of parylene applications.

Fabrication of microfluidic devices using parylene

Parylene has a high molecular weight and its structure is linear and highly
crystalline, therefore it cannot be molded (high 7,) in a process similar to
PDMS. As a result, it can only be vapor deposited in the form of thin confor-
mal layers (Gorham, 1966) with an inherent hydrophobic property (surface
free energy of 19.6 mN/m). Deposition is done through thermal sublima-
tion of dimers at 140-160°C (in furnace), vapor phase splitting into mono-
mers at 680°C (in pyrolysis chamber), and conformal deposition (Lee et al.,
1995) and polymerization on the surfaces under vacuum at room tempera-
ture (in deposition chamber).

Complex structures can be microfabricated after parylene deposi-
tion using surface (Fig. 1.10a) (Webster et al., 1998) and bulk (Tacito and
Steinbruchel, 1996) micromachining as well as micro-molding (Fig. 1.10b)
(Noh et al.,2004) techniques. Since it is resistant to solvents, it can be used

Conventional method Parylene micromolding
(a) U 7 (a) 22 7
(b) 7 7 o) 22 77
7
7
= [———— S
VN7 7 () e

Silicon [JParylenemAu electrode BJ PR [ Flat substrate(stainless steel sheet)

1.10 Parylene microfabrication. (a) Surface micromachining: parylene
deposition, electrode patterning, photolithography, 2nd parylene
deposition and photoresist etch away and (b) micro-molding: substrate
etching, parylene deposition, electrode patterning, 2nd parylene
lamination and base peel-off. (Source: With permission Noh et al.,
2004.)
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Table 1.3 Minimum feature sizes (MFS) and maximum AR fabricated in parylene

Fabrication method MFS (um) AR Ref.

0, and Ar ICP @ 6 9 Selvarasah et al., 2008

DRIE-based Si molds, parylene 10 10-30 Suzuki andTai, 2003,
deposition and release by Si wet 2006
etching

DRIE Si etching, parylene deposition 20 10 Zoumpoulidis et al.,
and back plasma realease etching 2009

@ |CP: inductively coupled plasma.

in lithographic processes as the main structural layer (using patterned pho-
toresist as sacrificial layers, Fig. 1.10a) or can be dry etched in oxygen- and/
or fluorine-based plasmas.

Similar to many other materials, various applications require high-aspect-
ratio and microscopic structures fabricated in parylene (a few examples are
listed in Table 1.3).

Interconnection and bonding

Interconnection to parylene-based micro- and nano-fluidic channels has
been achieved using a variety of methods. Peeled-off parylene channels
were punched by needles and polyimide-coated silica micro-tubes were
attached and epoxy glued to them, withstanding up to 0.2 SCCM water flow
(Noh et al., 2004). Photocurable adhesives have also been used for inter-
facing parylene micro-tubes to microfluidic reservoirs (Ilic et al., 2002). In
order to interface surface micromachined parylene channels, SU-8 anchors
housing multiple PDMS sockets at the end of the parylene channel were
used, each receiving a syringe needle horizontally as the interconnects (Lo
and Meng, 2011). Most of these methods tend to fail at high flow or high
pressure conditions, making interconnection to parylene devices a more dif-
ficult task compared with PDMS.

Bonding of parylene to other materials is somewhat more challenging,
due to the strong chemical backbone structure of this material; however, a
number of bonding methods have been introduced (Rezai et al., 2011) that
are listed in Table 1.4. Here are the most popular methods used for parylene
bonding to other materials:

Silanization: Parylene adhesion to silicon oxide and nitride layers, as well
as metals such as Au, Cr, and Ti, was enhanced by using a surface silaniza-
tion pretreatment step. However, this method was not as effective in bond-
ing parylene to silicon and Al.

Plasma treatment: Similar to the PDMS-based bonding methods discussed
above, surface plasma treatment (using Ar, CH,, O,. SF,, and N, gases) of
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various surfaces (parylene, PTFE, PP, PE, PMMA, glass, SiO,, Si;N,, PDMS,
Au, and Pt as the most widely used materials), followed by an immediate
parylene deposition process, has been extensively studied and used for
bonding purposes (Sharma and Yasuda, 1982; Hassler et al., 2010; Ciftlik
and Gijs,2011,2012; Rezai et al.,2011). Plasma treatment of parylene results
in etching a thin layer off the surface and subsequent exposure of active
nucleation sites that can enhance bonding. Hessler ez al. (2010) used oxygen
plasma treatment to successfully bond parylene to itself, Si;N,, and Pt as an
encapsulation material for neural prostheses. In this study, oxygen plasma
exposure alone was ineffective in bonding parylene to Si;N, and Pt and a
pretreatment with silane A-174 before deposition was required. In the study
by Sharma et al. (Sharma and Yasuda, 1982), it has been reported that Ar
and CH, plasma treatments are more effective in bonding parylene to sev-
eral other materials (Table 1.4) than that of O, plasma, due to generation of
more radical species on the surfaces for covalent bonding to parylene.

Most of the plasma-based methods introduced above are followed imme-
diately by parylene deposition without breaking the vacuum pressure
conditions of the chamber. With this, it is not possible to perform post-
parylene-deposition processes such as patterning of the surfaces. Rezai et al.
(2011) introduced a method to bond already-cured PDMS and parylene
surfaces together using a plasma enhanced method. With this, fabrication of
dual-material PDMS-parylene microchannels in an easy way without a need
for sacrificial layers was made possible.

Thermo-mechanical: Another method that has been widely used for
parylene bonding is the application of heat and compressive forces, mostly
in order to bond already deposited parylene layers to other surfaces such
as nitrides and oxides. This is useful when patterning of the parylene layer
is required before bonding, such as for fabrication of microfluidic channels
(Ciftlik and Gijs,2011,2012). The heat can be generated externally or inter-
nally on the chip by using reactive multilayer Ni/Al foils for exothermic
reaction-based heat generation (Qiu et al., 2009). This method has been
widely applied to bonding silicon wafers to each other by the application of
a parylene interfacial layer (Kim and Najafi, 2005).

Applications and future trends

Parylene is inherently hydrophobic. The hydrophobicity can be enhanced
by buffered hydrofluoric acid (BHF) and hydrofluoric acid (HF) expo-
sure, or changed to hydrophilicity by chromium etchant or oxygen plasma
(Hwang et al., 2004) exposure. Due to vacuum-based fabrication process
and lack of initiators and catalysts in parylene polymerization, chemically
pure parylene layers can be deposited. Room-temperature deposition pro-
cess leads to formation of mechanical stress-free layers with no pin-holes
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(useful for PDMS coating for long gas permeability (Lei ez al., 2011)) and
good dielectric breakdown properties, especially below 1 um. As opposed
to other porous polymers such as PDMS, parylene has a low gas permeabil-
ity (moisture vapor permeability of 1.7 x 107'° kg-m/N.s) and good stability
against organic solvents. Parylene is also optically transparent (low optical
absorption above 280 nm wavelengths) with a low auto-fluorescence behav-
ior (Sasaki et al.,2010), as well as chemically and biologically inert (Tooker
et al., 2005; Chang et al., 2007), which make it an ideal material for bio-
microfluidic and biomedical applications. Using these fabrication processes,
parylene-based devices have been used for DNA separation (Webster et al.,
1998), PCR (Man et al., 1997), cochlear implants (Bell et al., 1997), biochemi-
cal reactions (Brahmasandra et al., 1998), biological materials surfaces pro-
tection (Nosal et al., 2009), micro-valves for drug delivery (Rich and Wise,
1999; Carlen and Mastrangelo, 2002), electro-osmotic pumping (Freire
et al., 2011), micro-needles, micro-tubes (Ilic et al., 2002), microchannels
(Chen et al., 2006b), 3D micro-fluidic mixers (Liu ef al., 2008), and neuro-
cages (Fig. 1.11) (Erickson et al.,2008). Although the properties of parylene
make it suitable for some applications, especially those requiring chemical
inertness, minimal adsorption, or electrical insulation, the lack of a simple
yet strong bonding and interconnection method has prevented its contin-
ued widespread use in rapid prototyping of a wide variety of microfluidic
devices.

1.4.3 Polycarbonate

Polycarbonates (PC) are one of the thermoplastic polymers which can be
easily molded using thermoforming processes. The major advantages of PC
over other plastics are its ultimate strength (~2.0 GPa) and transparency

©)
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1.11 SEM pictures of (a) a single and (b) an array of microfabricated
neurocages made out of 4 um of parylene integrated with electrodes.
Cages were used to study neuronal signaling actuated by electrical
stimuli. Scale bars = 10 pm. (Source: With permission Erickson et al.,
2008.)
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throughout the visible spectrum down to 400 nm. It is not as chemically
inert as plastics. For instance, organic solvents such as acetone and ammo-
nia are not compatible with PC. Its high refractive index (n = 1.58) make it
attractive for optical applications. PC has a glass transition temperature of
145°C, which is usually sufficient for most biological microfluidic applica-
tions such as PCR thermal cycling.

Microfabrication methods for PC can be categorized as direct structuring
such as laser ablation (Lin et al., 1999; Waddell, 2002; Suriyage et al.,2004) with
a width over 50 um and an aspect ratio up to 10, and micro-milling (Ogonczyk
et al.,2010) with a diameter over 30 um and an aspect ratio up to 1, or replica-
tion methods such as injection molding (Ruprecht ez al., 1995; Holger Becker
and Locascio, 2002; Gottschlich, 2004; Chen et al., 2005; Griffiths et al., 2007,
Attia et al.,2009b), and hot embossing (Liu et al.,2001; Ye et al.,2005) with a
width over 40 um and an aspect ratio up to 2. An extensive review of micro-
fabrication methods for PC can be found elsewhere (Holger Becker and
Locascio, 2002; Jensen et al., 2004; Holger Becker and Giértner, 2008; Attia
et al.,2009b).

Various bonding methods have been used in the fabrication of PC micro-
fluidic devices and they can be classified into thermal, chemical and adhe-
sive methods. Thermal processes (Yang et al., 2002; Chen et al., 2005; Park
et al.,2008; Ogonczyk et al.,2010) use compression at a temperature around
its glass transition temperature for bonding slabs or thin foils, and results in
an average bonding strength of 0.55 MPa. Chemical bonding induced by the
modification of surface chemistry can be achieved by the plasma treatment
(Klintberg et al., 2003; Wang et al., 2008) or the introduction of active sur-
face groups (Lee and Ram, 2009), and shows a highest bonding strength of
over 6.8 MPa. Alternatively, there are some commercial glues or adhesives
that can be used to create a strong bonding as well.

Due to its higher glass transition temperature and low manufacturing
cost, PC is an ideal material for fabrication of disposal devices and has
been used in several biomedical and bioanalytical applications such as PCR
(Fig. 1.12) (Liu et al., 2001; Yang et al., 2002; Hashimoto et al., 2004; Chan
et al.,2008; Cooney et al.,2012; Peham et al.,2012).

1.4.4  Polyimide

Polyimide (PI) is a thermosetting plastic and exhibits very low creep and
high tensile strength compared to other thermoplastics. PI also has excellent
thermal stability (7, > 400°C) and chemical resistance, thus it has been used
as an insulation film in flexible printed circuit boards (PCB) for the electron-
ics industry, and adhesive and photoresist in the semiconductor industry.
Due to PI's photosensitivity, structural features can be fabricated in
it using conventional photolithography processes, which is a significant
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Inlet/outlet

L.

W8

(1 @) ®) 4) )

1.12 Layout of the polycarbonate plate-based microfluidic platform.

(a) Schematics of the microfluidic device, P1 and P2 are the control
ports and R is the sample inlet/outlet reservoirs. (b) Photography of the
polycarbonate microfluidic plate and a commercial 96-well titer plate.
(c—d) SEM images at the entrance and exit section with a 150 um bed
entrance hole drilled using laser. (Source: M. AWitek et al., 2008) —
Reproduced by permission of Journal of Analytical Chemistry.)
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advantage. Open microfluidic channel structures using PI can be micro-
machined by direct structuring techniques laser ablation (Yin et al.,
2004; Khan Malek, 2006), hot embossing (Youn et al., 2008), dry etch-
ing (Nguyen and Lee, 2007), and photolithography (Stefan Metz et al.,
2001; Metz et al., 2004; Lake et al., 2011), and subsequently closed by
laminating a cover layer (Fig. 1.13). Various lamination techniques have
been developed to fabricate PI-based microfluidic devices. For instance,
solvent bonding (Glasgow et al., 1999) was used to laminate a PI micro-
structured layer between two wafers. Similarly, a thin layer of polyimide
precursor as adhesive can be used for PI bonding (Mangriotis et al., 1999;
Stefan Metz et al.,2001).

Alternatively, microfluidic channels can be made by applying surface
micromachining techniques that use sacrificial resist layers embedded
in PI to form microchannels. The sacrificial layer is then removed by
solvent dissolution (Man et al., 1997), dry etching (Bagolini et al., 2002),
or heating (Suh et al., 2000; Metz et al., 2004) to reveal the microchan-
nel structure. Materials such as silicon oxide, metals, and photoresists
have been used as sacrificial layers for the construction of PI microchan-
nels, although this method is usually a time-consuming process, espe-
cially when fabricating submicron channels where dissolution is limited
by diffusion.

Due to its mechanical flexibility and good adhesion to metal layers, PI
has been already widely used in flexible PCBs such as DuPont™ Kapton®.
In a similar vein, PI has been used to make flexible microfluidic devices
with embedded electronic circuits, such as neural electrodes (Kato et al.,
2012), microfluidic mass spectrometers (Spectrometry et al., 2010), bio-
electric activity monitors (Metz et al., 2004), liquid flow sensors (Kuoni
et al., 2003), and impedance spectroscopy flow cytometers (Gawad et al.,
2001).

AceV  Spot Magn wnD ———— 100 am

10.0 kW 3.0 189x 26.5 5. Metz EPFL-DMT-IMS 07-03-2001

1.13 Cross-section of a polyimide device with three adjacent
interconnection lines (left side) and a microchannel (width 100 pm,
height 20 um) with an electrode inside the channel (right side). (Source:
Stefan Metz et al., 2001). Reproduced by permission of The Royal
Society of Chemistry.)

© Woodhead Publishing Limited, 2013



32 Microfluidic devices for biomedical applications

1.4.5 Poly methyl methacrylate (PMMA)

Poly(methyl methacrylate) (PMMA) is a rigid transparent thermoplastic
material that undergoes phase transition to a viscoelastic state above T, =
105°C (Ucar et al., 2012). Accordingly, it is well suited for mass industrial
production and, due to its excellent chemical, mechanical, and optical prop-
erties (Table 1.5), it has recently attracted considerable attention in medical
(orthopedics (Jaeblon, 2010)) and biological (Chen et al.,2008) applications
for analysis of: DNA (Chen and Chen, 2000; Sassi et al.,2000); amino acids,
peptides and proteins (Xue et al., 2001; Wainright et al., 2002); saccharine
(Dang et al.,2006); pollutants and explosives (Wang et al.,2002b); and ions
and organic acids (Pumera et al., 2002). Some review papers (Becker and
Gartner, 2000; Fiorini et al.,2005; Chen et al.,2008; Jaeblon,2010) have been
published with more detailed information on PMMA fabrication methods,
bonding and applications.

Fabrication of microfluidic devices using PMMA

The cost of manufacturing PMMA-based products is relatively low as com-
pared to silicon and glass. Various methods described in the microfabrica-
tion methods section have been used to develop single-layer PMMA parts
bonded to other materials, or to PMMA itself, for the purpose of forming
microfluidic devices. These methods include hot embossing (Martynova
et al., 1997), room-temperature imprinting (Xu et al., 2000), injection mold-
ing (McCormick et al., 1997; Piotter et al., 1997), laser ablation (Sun et al.,
2006), in situ polymerization (Chen et al.,2003), and solvent etching (Chen
et al.,2007) as thoroughly reviewed by Chen et al. (2008). In the hot emboss-
ing method, a substrate containing the microfluidic network design as
protruded features is used, and a PMMA plate is embossed against it at
elevated temperatures (>7, = 105°C) and pressures. Figure 1.14 illustrates
a high surface area PMMA-based microfluidic device fabricated by X-ray
lithography and used for extraction of DNA by testing various post features
in a microchannel (Reedy et al.,2011).

Some of the smallest feature sizes and highest aspect ratios achieved in
fabrication of PMMA microdevices are listed in Table 1.6.

Interconnection and bonding

In addition to conventional interconnection methods described in other
sections, world-to-chip interfacing into PMMA microfluidic devices has
been achieved through an adhesive-free in-plane interconnection method
(Sabourin et al.,2010). The connection is made by press-fit interconnection
of oversized deformable tubes with PMMA and subsequent UV-assisted
bonding. Capillaries and optical fibers have also been interconnected with
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Reservoirs

1.14 Schematic of the PMMA microchannel for DNA extraction
(Dimensions: 1 cm long channel, 800 um wide and 50 pm deep) with
various post designs shown (SEM images of the red box) in (a)-(f). (a)
14 pm square posts with ~3 pm extensions with 4 ym distance between
posts. (b) 22 um square posts with 4 um distance between posts. (c)

8 uym square posts with 4 um distance between posts. (d) Similar to
design A but with 17 ym between each post. (e) 6 um x 30 pm posts
with 8 um extensions. (f) 6 um x 30 pm posts with 5 ym extensions.
(Source: With permission Reedy et al., 2011.)

PMMA channels (Hartmann et al., 2008) by in-plane insertion into the
channel and usage of UV-curable glues to fix them on the device.

Direct and indirect bonding methods have been used for fabricating
enclosed PMMA microdevices. Direct bonding includes thermal fusion
bonding (Martynova et al., 1997),local welding by ultrasonic (Truckenmuller
et al., 2006) or microwave energy (Lei et al., 2004) and solvent bonding
(Wang et al., 2002a; Shah et al., 2006). Bond strength as high as 23.5 MPa
has been reported for PMMA using the solvent bonding method (Hsu and
Chen,2007). In the indirect bonding method, which is simpler, an additional
glue or epoxy layer is required to facilitate bonding of PMMA to itself or to
other materials (Becker and Gartner, 2000; Chen et al.,2005). However, the
challenge is not to clog the microchannels with the gluing material, which
has been avoided by techniques such as control of wetting tension between
the UV-curable adhesive and the surface of substrate (Pocius, 2002), screen
printing (Han, 2003), and micro-contact printing (Dang, 2005). PMMA
bonding to PDMS and parylene have already been discussed in the PDMS
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Table 1.6 Minimum feature sizes (MFS) and maximum AR fabricated in PMMA

Fabrication method MFS (um) AR Ref.

E-beam lithography 0.16 7 Gorelick et al.,
2010

LIGA 5 10 Reedy et al.,
20M

LIGA 8 19 Becker and Heim,
2000

and parylene sections. Other bonding methods for PMMA have been sum-
marized in two review articles (Chen et al.,2008; Tsao and DeVoe, 2009).

PMMA is low cost and easy to form for developing microfluidic devices
with exceptional mechanical, optical, and chemical properties (Table 1.5).
Extreme hydrophobicity, due to the lack of ionizable functional groups in
PMMA, has limited its application and led to the development of various
surface modification processes. They have been categorized (Chen et al.,
2008) into covalent modifications for the formation of amine-terminated
surfaces (Henry et al., 2000), dynamic coating with charged surfactants or
hydrophilic neutral polymers (Dang et al., 2003), and bulk modification
(Wang et al.,2005) of the polymer during the fabrication process by copoly-
merization of monomers.

1.4.6 Cyclic olefin copolymers (COC) and cyclic olefin
polymers (COP)

Both COC and cyclic olefin polymers (COP) are amorphous polymers pro-
duced by chain copolymerization of cyclic monomers. Typically, COC and
COP have glass-like transparency (>90%) in near-UV, high tensile strength
(46-63 MPa), high moisture resistance (<0.01%), good chemical resistance
to acids, bases and polar solvents (Topas Advanced Polymers, 2012), and
high dielectric constant (30 kV/mm) (Lamonte and Mcnally, 2000). They
are commercially available in pellet, solution, and sheet form from various
manufacturers.

Similar to other polymers, fabrication methods for COC/COP can be
categorized as direct structuring methods, such as laser ablation (Sabbert
et al., 1999; Jensen et al., 2004; Bundgaard et al., 2006) and micro-milling
(Bundgaard et al., 2006; Grumann et al., 2006), and replication methods,
such as injection molding (Kim and Kwon, 2009; Pakkanen et al., 2002;
Appasamy et al.,2005; Lee et al.,2005; Ito et al., 2007; Kalima et al., 2007,
Steigert et al., 2007; Angelov and Coulter, 2008; Schiitte et al., 2010), hot
embossing (Fig. 1.15) (Kameoka et al.,2001; Yang et al.,2005; Bhattacharyya
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1.15 (a) Photograph of 4 COC device array and SEM of the post (left)
and channel structure of a device (right). (b) A single device schematic
with the gel area expanded shows the SEM image area outlined.
(Source: Jeon et al. (2011) — Reproduced by permission of Journal of
Biomedical Microdevices.)

and Klapperich, 2006; Fredrickson et al.,2006; Liu et al.,2007; Faure et al.,
2008; Park et al. 2008; Illa et al., 2009), and nano-imprint lithography
(Bilenberg et al.,2005; Gourgon et al.,2005; Nilsson et al.,2005; Gustafsson
et al.,2008).

A bonding step is essential for the fabrication of microfluidic systems,
which usually requires sealed microchannels to prevent sample contamina-
tion and evaporation. Use of adhesives or glues is one of the most common
bonding techniques for polymers. UV adhesives (Do and Ahn, 2008) have
been demonstrated to bond COP parts together at room temperature to
form a microfluidic chip with a bonding strength of 2 MPa. Thermal bonding
is also commonly used for thermoplastic polymers such as COP (Kim and
Kwon, 2009; Kameoka et al., 2001; Daniel Nilsson et al., 2005; Yang et al.,
2005; Bedair and Oleschuk, 2006; Bhattacharyya and Klapperich, 2006; Kim
et al.,2006; Mair et al.,2006; Wallow et al.,2007; Choi et al.,2008; Gustafsson
et al.,2008), which is heated above its glass transition temperature to allow
the polymer chains to diffuse between the mating surfaces thus promoting
adhesion. No quantitative study of the bonding strength had been under-
taken due to the low surface energy of thermoplastics. Oxygen plasma
(Kettner et al., 2006) and UV/ozone (Tsao et al., 2007) treatments were
then used to activate surfaces and improve the bonding strength of COP
substrates up to 0.8 mJ/cm? under specific bonding conditions (Tsao et al.,
2007). Solvent bonding, also known as solvent welding, can also be used to
temporarily dissolve the surfaces of COP, enabling the mobility of polymer
chains across the bonding interface, and thus results in the highest bonding
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1.16 Photos of PU-based microfluidic devices. (a) Sealed device

with integrated interconnect, (b) a deflected PU membrane under a
pressure of 200 kPa (diameter 5 mm and membrane thickness = 25 ym),
(c) a flexible and bendable device with colored microchannels for
visualization, (d) self-priming microchannel (4 cm x 500 mm x 80 mm)
filled with DI water (dyed with methylene blue) due to its hydrophilicity.
(Source: W.-1. Wu et al. (2012) — Reproduced by permission of The Royal
Society of Chemistry.)

strength of 10 MPa (Kettner et al.,2006; Ro et al.,2006; Liu et al.,2007; Tsao
et al.,2007,2008; Wallow et al.,2007; Chen et al.,2008; Faure ef al., 2008).
Due to its surface properties and optical transparency, COP-based micro-
chip electrophoresis provides faster separation and easier integration of
sample preparation (Blas et al.,2008; Sueyoshi et al.,2008) and optical detec-
tion (Mogensen et al.,2001; Bliss et al.,2007; Hurth et al., 2008) than tradi-
tional capillary electrophoresis. Compared to other polymers, COP-based
microchips usually have lower background fluorescence, and higher elec-
trophoretic efficiency (Yi et al., 2008). COP-based microchannels have also
been used in solid phase extraction where either the interested analytes or
the undesired impurities are retained by the stationary phase (Gustafsson
et al., 2008; Illa et al., 2009). Moreover, COP-based electrospray emitters
have been used for mass spectrometry where the ionized analytes are sepa-
rated depending on their interaction with external electric and/or magnetic
fields (Jun Kameoka et al., 2002; Yang et al., 2004, 2005; Park et al., 2008;
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Shinohara et al., 2008). Since COP is relatively transparent compared to
other polymers at shorter wavelengths (240-360 nm), it can be used as opti-
cal components such as micro lenses (Appasamy et al., 2005), photonic crys-
tals (Bilenberg et al.,2004), and optical waveguides (Okagbare et al.,2010).
Because of its moisture resistance and adhesion to metallic films, COP can
be applied as substrate for blood contacting (Grumann et al., 2006; Jang
et al., 2006; Kim et al., 2006; Choi et al., 2008) and DNA analysis applica-
tions (Gulliksen et al., 2005; Bhattacharyya and Klapperich, 2006; Castafio-
Alvarez et al.,2007; Hurth et al.,2008; Larsen et al.,2008).

1.4.7 Polyurethane (PU)

Polyurethane (PU) is a polymer composed of a chain of organic units joined
by urethane links. Because urethane is available in a broad hardness range,
PU can be synthesized to offer the specific elasticity combined with tough-
ness and durability. Therefore, its mechanical properties, namely higher ten-
sile strength (62 MPa), Young’s modulus (55 MPa), and hardness (94 Shore
A), are superior. Its density (1.15 g/cc) and melting point (215.5°C) are sim-
ilar to PDMS. Its dielectric constant is similar to that of PDMS, and it per-
forms well as an insulator. PU is commercially available, either in pellet or
sheet, as raw material from various manufacturers.

Traditionally, solvent molding techniques such as vertical dipping, rotat-
ing mandrel, and rotating plate are used to fabricate PU parts such as sheets,
membranes, and tubing. The rotating plate method is used for fabricating
PU films and sheets, while vertical dipping and rotating mandrel are used
for fabricating cylindrical parts, such as tubing. However, these fabrication
techniques are not suitable for replicating the intricate and detailed micro-
scale features present in microfluidics devices. PU-based microfabrication
typically involves injection molding (Folch ez al., 2000; Kuo et al.,2009), hot
embossing (Shen et al., 2006), imprinting (Xu et al., 2000), plasma etching
(Rossier et al.,2002), sacrificial material (Haraldsson et al.,2006), and reac-
tion polymerization (Thorsen et al.,2001; Kim et al.,2003; Haraldsson et al.,
2006; Piccin et al., 2007; Kuo et al., 2009). These methods are not suited for
rapid prototyping as they use high cost intermediate molds and expensive
fabrication equipment. Furthermore, the substrates produced are rigid and
not transparent. Solvent casting is more suitable, since intermediate molds
can be fabricated using photolithography and the fabrication equipment is
low cost (Wu et al.,2012).

To achieve irreversible bonding, semi-cured parts of PU have been placed
in contact and heated above the glass transition temperature, causing fusion
of the two parts (Piccin et al., 2007; Kuo et al.,2009). However, this method
is not suitable for retaining the fine structural features needed in micro-
channels. Recently, dry and wet bonding methods using plasma treatment
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and solvent welding have been developed to overcome this issue. A highest
bonding strength of 326.4 kPa using wet bonding was reported (Wu et al.,
2012) (Fig. 1.16).

PU, since its development in the 1930s (Boretos and Pierce, 1968; Lyman
et al.,1971), has been widely used in various blood-contact applications such
as the artificial heart (Lyman et al., 1971), intra-aortic balloons (Brash et al.,
1973), pacemaker leads (Devanathan et al., 1980), heart valves (Tsutsui et al.,
1981), and hemodialysis membranes (Lyman et al., 1977). Hydrophobic sur-
faces are essentially water repellent and provoke adverse reactions in blood
contact. Many studies have shown that the blood compatibility of polyure-
thanes can be improved by making the surface more hydrophilic (Takahara
etal.,1985). A number of in vivo and in vitro studies have been carried out to
assess the cellular and tissue responses of PU subcutaneously, intramuscu-
larly, or intraperitoneally (Han et al., 1992; Okoshi et al., 1992; Marois et al.,
1989, 1993, 1996, Bakker et al., 1990; Bruin et al., 1993; Watkinson et al., 1995;
van der Giessen et al., 1996; Akiyama et al., 1997, Wu et al.,2012). PU-based
microchip electrophoresis has also been tested with various analytes to eval-
uate its separation performance (Piccin et al., 2007). Due to its excellent
hardness, high-aspect-ratio (~3.5) microstructure made from PU can be eas-
ily fabricated and bonded, whereas microstructures made from PDMS are
too soft to stand their own weight. These microstructures were then used as
microfluidic filters to separate or concentrate the targeted particles or cells
(Kuo et al., 2009). The other main advantage of PU over other polymers
is in its feasibility to be chemically tailored for specific applications; thus,
it has been widely used in applications such as cell culture and tissue scaf-
folds (Folch et al.,2000; Vermette et al.,2001; Shen et al.,2006; Moraes et al.,
2009).

1.4.8 Paper

Paper, usually as a cellulose fiber network, can spontaneously generate the
capillary flow to transport aqueous liquids, due to its porosity and hydro-
philicity. This self-pumping/priming mechanism makes it an attractive sub-
strate for use in low cost microfluidic devices for diagnostic applications, if
a method to direct and control the flow of fluid can be devised. The velocity
of motions in the paper-based microfluidic channels is determined by many
factors, such as the pore size, porosity, surface energy of paper, as well as
the viscosity of the liquid, and can be estimated by the well-known Lucas-
Washburn equation (Anbuhi et al., 2012). The first paper-based microflu-
idic device was presented by Muller and co-workers, who patterned paraffin
boundary on paper to speed up the elution of a pigment mixture (Miiller
and Clegg, 1949). Recently, with the advancement of micromachining tech-
nologies, Whitesides Group of Harvard University has developed many
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Table 1.7 The performance parameters of paper micro-patterning technologies

Methods Channel size Barrier size Reagents
(pm) (um)
Photolithography 186 + 13 248 + 13 SU-8
Ink jet etching 420 + 50 N/A Polystyrene
Plotting 1000 1000 Polydimethylsiloxane
Wax printing 561 + 45 850 + 50 Wax
Surface treatments 1500 N/A Alkyl ketene dimer
Paper cutting 4002 N/A N/A

2laser cutting; resolution depended on the type of paper (Nie et al., 2012).

novel patterning strategies with more delicate control of flowing path and
flow rate (Martinez et al., 2007). Following these early works, many other
channel patterning technologies have been investigated, which can be cat-
egorized as follows: (i) photolithography (Martinez et al., 2008); (ii) ink jet
etching (Abe et al., 2008); (iii) plotting (Bruzewicz et al., 2008); (iv) wax
printing (Lu ez al.,2009); (v) surface treatments (Xu Li et al.,2008); and (vi)
paper cutting (Wang et al.,2010).

Except for cutting, where the individual regions on the substrate are phys-
ically separated from each other, the fundamental mechanism for directing
flow in paper has been through the creation of difference of hydrophobicity
between channels (hydrophilic) and boundaries (hydrophobic) by pattern-
ing. Generally, the patterning can be accomplished by three different prin-
ciples: (i) printing the hydrophobic materials (Wax and PDMS) on paper as
boundaries (photolithography and plotting); (ii) uniformly coating paper
with hydrophobic materials (SU-8 and Polystyrene) then using solvents to
dissolve those materials and making channels; and (iii) applying chemicals
to modify the surface hydroxide group on the designed area of the paper to
make the hydrophobic boundaries. Table 1.7 lists some important perfor-
mance parameters of each of the patterning technologies.

Most applications of paper-based microfluidic devices have been on
developing low cost diagnostic devices. The ability to use patterning to fab-
ricate microfluidic channels in paper to perform parallel analysis of various
analytes was first demonstrated Whitesides and co-workers (Martinez et al.,
2007). Here, wax printing was used to pattern a microfluidic channel net-
work that enabled a urine sample at the inlet reservoir to be split into three
segments for simultaneous analysis of glucose and proteins. Other reactants
were patterned at the end of the respective microchannel, which produced a
colorimetric assay when the sample arrived at that location due to capillary
flow. The colorimetric paper-based analytical devices have been extensively
reviewed by Chao in 2008 (Zhao and Van der Berg, 2008) and Whitesides
in 2010 (Martinez et al.,2009). Other than colorimetric detection, electro-
chemical (EC) (Dungchai et al., 2009) or electrochemiluminescence (ECL)
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(Delaney et al.,2011) principles have been used for detection in paper-based
microfluidic devices. EC and ECL sensing methods provide lower detect-
ing limits (down to the nM range), higher accuracy, and a shorter detec-
tion time than colorimetric methods. Recent developments in EC and ECL
detection in paper-based microfluidic devices were reviewed by Li et al. in
2012 (Xu Li et al., 2012). Various unit operations, such as hydrodynamic
focusing (Fu et al.,2010), mixing (Rezk et al.,2012), dilution (Osborn et al.,
2010), and separation (Osborn et al.,2010) have also been demonstrated in
paper-based microfluidic devices. In addition, power sources on-chip that
could power the unit operation have been developed (Thom et al., 2012).
Recently, paper-based devices have also been shown to be usable for 3D cell
culture (Li et al.,2012).

Paper is superior to other materials for making analytical microfluidic
devices because of its unique properties: (1) low cost; (2) porous structure
(for both self-driven capillary flow and reagent immobilization); (3) flex-
ibility (easy to pack and carry). However, the non-uniform nature of this
cellulose fiber network, and the time it takes to transport the sample in the
microfluidic network, may make it unsuitable for accurate liquid handling.

15 Conclusion and future trends

Materials and manufacturing techniques used in the microelectronic semi-
conductor industry were adapted to develop the first MEMS and microflu-
idic devices. Silicon and glass were initially utilized because their fabrication
techniques already existed and were highly developed. Some properties of
these materials, such as their solvent resistance, stiffness, and durability still
make them the material of choice in many microfluidic applications. However,
to lower the cost and enhance the functionality of these devices, materials
other than silicon and glass have been investigated extensively in the past
two decades. Polymers are among the materials that have attracted a wide-
spread attention, among academic researchers as well as commercial compa-
nies. Polymers are macromolecules, composed of repeating monomer units,
with an extraordinary range of mechanical, chemical, and optical properties.
They exist in highly elastic or stiff forms (highly dependent on their polymer
chain size and length) with chemical inertness and biocompatibility. Their
surface properties can be modified physically (plasma, corona, mechanical
roughening, etc.) or chemically (monolayer deposition, grafting, etc.). More
importantly, the conventional optical (photolithography) or micromechani-
cal (micro-injection molding, hot embossing, laser micromachining, micro-
milling, casting, stereolithography, and inkjet printing) fabrication methods
have been applied in mass producing the polymeric materials. This lowers the
cost of the devices significantly, and suits the technology for the development
of disposable devices, which is highly important in biomedical applications.
Most of the microfabrication techniques in polymers take advantage of the
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temperature-dependent phase transition behavior of polymers and the abil-
ity to form them into any shape afterwards. Using these techniques, a wide
range of microfluidic devices composed of silicon, glass, PDMS, parylene,
polycarbonate, polyimide, PMMA, COC/COP, polyurethane, and paper have
been developed. These devices have been used in a wide range of applica-
tions, such as biology, medical diagnostics, drug delivery, drug discovery, ana-
lytical chemistry, and molecular diagnosis. The major challenges for many
polymers are that reliable and strong bonding and interconnection methods
need to be developed. Also, methods of integrating various polymeric mate-
rials need to be developed. Although it is still not clear which of the materials
introduced above will be the dominant one in the development of lab-on-a-
chip devices, from the point of view of cost, ease of fabrication, and accessi-
bility, paper seems to demonstrate extraordinary potential to be adapted in
the near future. Glass and silicon devices will continue to dominate in com-
mercial production of microfluidic components and in biochemical applica-
tions. The existence of the extensive level of research and development on
PDMS, and its suitability for rapid prototyping has made it the material of
choice for research and development. Polymeric materials will continue to
lead progress of lab-on-a-chip devices as the field advances and demands
more biological and chemical compatibilities.
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1.7 Appendix: acronyms

APTES 3-aminopropyltriethoxysilan
COocC Cyclic Olefin Copolymers

COC Cyclic Olefin Copolymer

COP Cyclic Olefin Polymers

DNA Deoxyribonucleic acid

DRIE Deep Reactive lon Etching

EC electrochemical

ECL electrochemiluminescence

EDM electrode discharge machining
GPTES 3-glycidoxypropyltriethoxysilane
HF Hydrofluoric Acid

ICP Inductively Coupled Plasma
LDPE Low Density Polyethylene
LIGA Lithographie, Galvanoformung, Abformung
MEMS Microelectromechanical systems
MEFS Minimum Feature Size

PC Polycarbonate

PCB Printed Circuit Board

PCR Polymerase Chain Reaction
PDMS Polydimethylsiloxane

PETG Polyethylene Terephthalate Glycol
PI Polyimide

PMMA Poly(methyl methacrylate)

PP Polypropylene

PR Photoresist

PS Polystyrene

PSG Phosphosilicate Glass

PTFE Polytetrafluoroethylene

PU Polyurethane

RIE Reactive Ion Etching

SCCM Standard Cubic Centimeters per Minute
USG Undoped Silicate Glass

uv Ultraviolet
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Abstract: Stable and well-characterized surfaces are essential for medical
and diagnostic applications using microfluidic devices. Surface coating
strategies can be classified into two major categories: covalent and
adsorptive coatings. For covalent coating methods, the most common
strategies are discussed based on the chemical characteristics of the
device material. Furthermore, major classes of adsorptive coating
strategies are presented, compared to their covalent counterparts, and
discussed in relation to their respective importance in medical and
diagnostic applications.

Key words: covalent, adsorption, polymer, coating, microfluidic.

2.1 Introduction

Microfluidic devices have attracted interest in the medical and diagnos-
tic fields as they have the potential to perform many current large scale
applications at a much smaller scale so as to reduce sample consumption
and instrument size. Some applications, especially electrophoretic sepa-
rations, have demonstrated excellent performance, such as rapid separa-
tions on the order of seconds and efficient separations of diagnostically
relevant species (Li and Kricka, 2006; Reyes et al., 2002; Verpoorte, 2002).
For example, rapid DNA sequencing has been demonstrated in a high
throughput format (Paegel et al., 2002), and microfluidic-based protein
and DNA separations, similar in working principle to gel electrophoresis
techniques, have now been commercialized for over a decade (Panaro
et al., 2000). A further advantage of swift analysis is also appreciated in
time-critical situations, such as during surgery or for analytes that change
composition over time. Another intriguing advantage of microfluidic
devices is their portability and potential for point-of-care diagnostics
(Yager et al., 2006), which has been demonstrated via a variety of mar-
keted applications (Chin et al, 2012). Additionally, as most microfluidic
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devices only require sample volumes in the nanoliter range or below for
analyses, they are further suited for situations when sample amount is
limited, such as in minimally invasive diagnosis. As medical and diagnos-
tic applications of microfluidic devices focus on qualitative or quantita-
tive determination of biomolecules, the biocompatibility of these devices
becomes critical.

The latter refers to several requirements for microfluidic devices. First,
microchannel surfaces should resist non-specific adsorption of biomolecules
(see Fig. 2.1) and provide a stable and non-altering composition over the
course of an analysis. Due to the high surface-to-volume ratio apparent in
microchannels, there is a high potential for surface adsorption and deterio-
ration, especially in combination with diagnostic samples such as body fluids.
Consequently, microfluidic applications strongly depend on the tailoring and
control of surface properties in such devices. Second, for cell-based assays,
the microfluidic environment has to be adapted so that cells can adhere to
surfaces if required, and that intra- and inter-cellular processes proceed reg-
ularly, which poses an important requirement for the matrices used to embed
or hold specific cells. Third, several other specific surface conditions arising
from the particular application at hand have to be considered, such as tem-
perature compatibility, stability under flow and applied electric fields, and
solvent compatibility. Considering these guidelines and requirements, most
microfluidic applications require some sort of surface pretreatment prior to
analysis. Treatments can involve passivation strategies to prevent non-specific
adsorption or unwanted changes in surface properties during the course of
an analysis. Furthermore, if the sensing element in a microfluidic application
is a biomolecule, immobilization strategies rendering a high yield of active
biomolecules on a surface are required. The control of specific biomolecule
immobilization is thus another important requirement in many microfluidic

applications.
w Coatlng %{
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2.1 Schematic representing the prevention of non-specific adsorption
to surfaces via adequate coating strategies. Left: proteins (here an IgG
molecule is shown schematically) can adsorb to the untreated surface.
Right: Due to coating with a blocking agent (i.e. another protein as
specified in Section 2.4.1) the IgG molecules are hindered from non-
specific adsorption. Coatings can be of other non-covalent type or
covalently bound to the surface.
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Microfluidic devices can be created with a variety of materials, thus sur-
face treatment strategies strongly depend on the properties of the mate-
rial. Covalent immobilization schemes require specific active surface groups,
which vary from material to material deeming such strategies specific for a
given microfluidic device. Bifunctional linker molecules may also be used,
which allow for specific linkage to a surface reactive group but also react
specifically with functional groups on biomolecules. In contrast to covalent
immobilization schemes, adsorptive coatings may present an alternative, less
complex route to coat microfluidic surfaces for various purposes. Knowledge
of the non-covalent interactions driving an adsorptive coating is important
for the quality of the coating. In general, such interactions are determined
by electrostatic, van der Waals, and/or hydrophobic interactions. The func-
tionality of the coating can be tuned similarly to covalent strategies, and
non-specific adsorption can be suppressed in most cases. Functional groups
of the adsorptive coating material can also be used for further specific bio-
molecule immobilization. The ease of use of adsorptive strategies, and often
diverse applicability to various materials, has led to their widespread recog-
nition in microfluidics.

The objective of this chapter is to provide an overview of the various
strategies used to accomplish surface coating procedures for medically
related microfluidic devices. First, covalent strategies are described in sec-
tions based on various substrate material properties and thus surface func-
tional groups. Next, adsorptive coatings are discussed based on the specific
class of coating materials. Finally, selected microfluidic applications for
medical research are detailed and future perspectives on coating proce-
dures are discussed.

2.2 Covalent immobilization strategies:
polymer devices

Covalent strategies are characterized by a chemical bond formed between a
functional group of the substrate surface, i.e. the microfluidic channel walls,
and a functional group of the coating agent (see Fig. 2.2). The chemical
reactivity of the functional group of the coating agent is specifically chosen
based on the functional group on the substrate. Covalent coatings are usually
characterized by their excellent stability during microfluidic manipulations;
however, they have to be adapted to the available surface functionality of
the microfluidic material. This makes universal strategies between differ-
ent microfluidic device materials difficult compared to other surface treat-
ment methods. Covalent strategies for the most popular microfluidic device
materials are outlined in this section, separated into subsections based on
compatible substrates.
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2.2 General scheme of covalent coating strategies. (X= reactive
functional group of substrate surface, Z = reactive functional group of
coating agent).

2.2.1 Polydimethylsiloxane (PDMS) devices

Microfluidic systems fabricated with polydimethylsiloxane (PDMS) repre-
sent a significant portion of microfluidic devices, especially those used
for important bioanalytical and medical applications (Gross et al., 2007;
Ni et al., 2009; Nisar et al., 2008; Sung and Shuler, 2010; Wu et al., 2010).
A major advantage of this material arises due to its widely ranging opti-
cal transparency in the visible and ultraviolet light regions, which makes it
amenable for many fluorescence-based applications. Additionally, PDMS
is gas-permeable, which accommodates cell culturing within microfluidic
devices fabricated with this material — a considerable advantage for cell-
based studies. Moreover, PDMS devices can be fabricated from a pre-
structured master exhibiting the negative relief of a desired microdevice.
The pre-structured master can be obtained via standard photolithography
techniques, and minimal clean room infrastructure is further required for
PDMS chip assembly. PDMS devices thus provide a suitable route for pro-
totyping techniques, which has led to their widespread adoption in micro-
fluidics research.

One issue with PDMS devices — as for many other microfluidic devices —
is an inconsistent surface composition over the time course of an analytical
measurement. Due to its polymeric character and long chain polymer reori-
entation effects on the surface, strategies need to be developed in order
to maintain a given surface composition. The various strategies reported
for bioanalytical and biomedical applications are described in the following
sections, as well as suitable techniques for stable surface functionalization.

Silanization strategies

One of the most commonly used covalent attachment strategies involves
the linkage of alkoxysilane derivatives via hydroxyl group bearing sur-
faces resulting in siloxane linkages (see Fig. 2.3a). This method has been
extensively used with glass and silica surfaces (see Section 2.3.1), but has
also found widespread use for its application in PDMS-based microflu-
idic devices. A considerable advantage of this technique is the fact that
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2.3 Schematics for selected covalent immobilization schemes:

(a) Silanization refers to the condensation reaction of alkoxysilanes with
hydroxyl groups on surfaces. This reaction can generally be used on
hydroxylated surfaces, but has also found application on oxidized PDMS.
(R,= alkyl or alkoxy, R;=functional end-group such as -NH, or -COOH).

(b) Grafting is a widespread method for immobilizing a variety of
polymers. After activation and radical formation on the surface, reaction
with monomers results in covalent polymer immobilization on a

surface. Also shown is the activation scheme for UV activated grafting of
acrylamides on native PDMS surfaces.

the linkage can be mediated via one to three alkoxy groups of the reacting
silane, providing a means for proper orientation and stable cross-linking to
the surface. Furthermore, the functionality of the silane can be adjusted to
obtain a desired chemical reactivity. As a result, hydrophobic or hydrophilic
side-chains can be introduced, but also various chemical functionalities
become accessible for further cross-linking if desired. This is a key benefit of
PDMS, as a variety of chemical functionalities can be established on PDMS
microchannel surfaces in contrast to other polymers that are more limited
towards generalized surface functionalization. It is important to understand
that silanization strategies are only successful with a considerable quan-
tity of hydroxide groups on the surface. Hydroxyl groups can be created
on microchannel walls vi oxidative treatments, including oxygen plasma,
air plasma (McDonald et al., 2000), and UV irradiation (Efimenko e al.,
2002) in an oxygen rich atmosphere (this pretreatment step is not a covalent
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immobilization strategy but merely provides necessary functional groups
on the substrate surface. See Section 2.5 for more details). PDMS surfaces
treated with these techniques are hydrophilic and exhibit contact angles on
the order of < 20°, in contrast to native PDMS that exhibits a contact angle
on the order of ~120° (Hellmich et al., 2005). Although the mentioned treat-
ments are very effective, PDMS devices need to be stored in aqueous solu-
tions or used immediately after oxidative treatment due to the hydrophobic
recovery phenomenon (Fritz and Owen, 1995) — an effect that renders a
hydrophilic PDMS surface hydrophobic with a half-life of one day, due to
the reorganization of surface polymer chains when exposed to air.

Probably the most utilized silane molecules are amino derivatives usu-
ally in the triethoxy- or trimethoxy-silane form. The amino group serves as
the linker molecule for well-known amide bond formations with carbox-
ylic groups mediated by carbodiimide (Miyaki et al., 2007). For example,
aminopropyltriethoxysilane (APTES) has been used for antibody attach-
ment and cell adhesion to PDMS (Misiakos et al., 2004; Zhang et al., 2005).
Furthermore, Yu et al. (2009) reported improved covalent immobilization
of proteins due to increased hydrophilicity after APTES treatment. This
was achieved by binding an aldehyde modified dextran to APTES immo-
bilized on a PDMS surface. With this covalent strategy, a PDMS-based
device could be used to detect various biomarkers via an enzyme-linked
immunosorbent assay (ELISA). Other silanization examples consist of the
use of trimethoxymethylsilane to suppress non-specific protein adsorption
and attach biomolecules to microchannel walls after a silanization proce-
dure (Sui et al., 2006). Silane-based coatings have also been demonstrated
that significantly reduce non-specific protein adsorption and improve cell
adhesion to PDMS surfaces (Jon et al., 2003). This silanization process was
applied via a patterning procedure consisting of a silane-copolymer anchor
bound to a functional polyethylene glycol (PEG). Control of electroosmotic
flow (EOF) in a microchannel is also critical in many types of experiments to
improve reproducibility between trials and substrate types and to increase
analysis times. In addition to its use for immobilization purposes, a methox-
ysilane can be used to link a highly ionizable carboxyl-polymer to PDMS to
introduce a high EOF (Miyaki et al., 2007).

Another strategy for attaching silanes has been demonstrated via the self-
assembly of thiolated silanes on gold surfaces. After coating PDMS micro-
fluidic devices with a thin gold layer, attachment of the thiolated silanes is
accomplished via the self-assembly and stable linkage of thiols to gold. This
approach is very popular in surface derivatization applications and has been
applied to render surfaces hydrophilic via PEGylated thiols in microfluidic
networks (Papra et al., 2001), as well as in microcontact printing applica-
tions (Delamarche et al., 2003). Furthermore, 3-mercaptopropyl trimethox-
ysilane has been employed as a coating procedure in a PDMS device to
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detect CD4+ T cells using an ester-based coupling agent functionalized to
the surface followed by the immobilization of avidin and a biotinylated CD4
antibody to the surface (Cheng et al., 2009). CD4 cells could then be iso-
lated from whole blood and counted, which is necessary when monitoring
the stages of a disease such as HIV in positively tested patients. Similarly, an
optical real-time affinity biosensor developed using a PDMS-based channel
for multi-analyte detection was also reported using thiolated silanes and
biotin/avidin immobilization (Misiakos ef al., 2004).

Derivatized silanes can also be exploited to covalently attach a wider vari-
ety of molecules to PDMS surfaces. A combination of UV activation with
silanization to covalently pattern polyacrylamide to the surface of PDMS
has been explored by Xiao et al. (2002,2004). An initial UV exposure oxi-
dizes the PDMS, which allows silanes to self-assemble on the surface. In
this case, a trichlorosilane was adhered to the surface due to its capabil-
ity of initiating atom-transfer radical polymerization of polyacrylamide.
The resulting formation of a polyacrylamide layer on the PDMS surface
reduces non-specific adsorption and maintains hydrophilicity, two impor-
tant improvements critical for efficient and highly sensitive biomolecule
separation and diagnostics.

Other immobilization schemes on PDMS

An effective and commonly used alternative method to silanization is pho-
toinitiated UV grafting to facilitate the covalent linkage of polymers to
PDMS surfaces (Hu et al., 2002) (see Fig. 2.3b). A major motivation for this
approach is its ability to increase surface hydrophilicity while reducing pro-
tein adsorption on the substrate. Additionally, stabilization of EOF can be
achieved using this surface treatment, which results in a significant increase
in the resolution of electrophoretic separations. In the follow-up work, the
dynamics of this approach were studied by examining the ability to differen-
tially pattern various regions on a PDMS surface using UV initiated graft-
ing, which proved to be feasible (Hu et al, 2004). In terms of biomedical
applications, UV grafting can be used to selectively micropattern PDMS in
specific regions to direct cell attachment and growth as well as to immobilize
antibodies for immunoassays (Hu et al., 2005).

Another alternative to silanization is to coat PDMS with poly-xylylenes
via a chemical vapor deposition method (Lahann et al., 2003). Such polymer
coatings can be employed to immobilize molecules, facilitate antibody/biotin
binding assays, and improve cell adhesion assays for pharmacology studies.
Follow-up studies of this approach also employed chemical vapor deposition
to discontinuously pattern bio-inert species and reduce non-specific protein
adsorption (Chen et al., 2005, 2008). Another polymerization strategy uti-
lizing cerium-catalyzed polymerization of various monomeric compounds
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can be employed for polymer coatings. The exploited Ce-catalytic action
originates from the formation of siloxane radicals, which further react with
selected monomers resulting in their immobilization. When applied to elec-
trochromatography studies, an increased separation efficiency and selectiv-
ity can be realized (Slentz et al., 2002).

2.2.2 Polymethylmethacrylate (PMMA) devices

Polymethylmethacrylate (PMMA) is also a very popular material for micro-
fluidic applications. A variety of different surface activation and coupling
procedures addressing a broad range of functionalities have been reported
for PMMA. Several of these methods are aimed at introducing amine
functionalities on PMMA surfaces (see Fig. 2.4). One example of this is a
poly(ethyleneimine) (PEI) coating, which is an amine-bearing polymer that
can enhance antibody binding to the surface of PMMA (Bai et al., 2006). An
improved antibody surface coverage with up to a ten-fold increase in overall
binding was demonstrated with this immobilization strategy, leading to sig-
nificant improvements in immunoassay performance.

Another example surface treatment of PMMA with amine functionalities
is based on an activation procedure with lithiated diamines to link alkylcy-
anates to PMMA (Henry et al, 2000). This method was further employed
by Hashimoto et al. (2005, 2006) for improved detection of single DNA
base mutations. Similar activation strategies can be used to detect low abun-
dance mutations in DNA using a microarray (Wang et al., 2003). Primers are
linked to a PMMA surface functionalized with amines, followed by a ligase
detection reaction with immobilized primers to induce hybridization detec-
tion. Additionally, PMMA can be silanized to incorporate a larger variety of
functional groups on the surface such as specialized amines for the immo-
bilization of biomolecules. A procedure using lithium aluminum hydride
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2.4 Amination on PMMA is shown via activation of a short bifunctional
amine. Other methods exist to create aminated PMMA, as discussed

in the text. Amine groups can further be used to link other functional
molecules, such as that shown in the reaction with the bifunctional
glutaraldehyde and subsequent immobilization of amine-bearing
molecules, such as proteins.

© Woodhead Publishing Limited, 2013



Surface coatings for microfluidic-based biomedical devices 71

(LAH) to expose hydroxyl groups on the PMMA surface can be applied for
further functionalization with organosilanes that facilitate the immobiliza-
tion of DNA oligos for DNA microarray analysis (Cheng et al., 2004).

Oxidation for carboxylic acid functionality has also been reported as a suit-
able covalent immobilization strategy for PMMA. For example, McCarley
et al. (2005) discussed a device to capture and concentrate cells and proteins
using treatments for patterning polymers to substrate surfaces. For this pur-
pose, carboxylic acid groups can be patterned on a PMMA surface with UV
treatment in an oxygen rich environment, onto which antibodies are immo-
bilized for the detection of cells (for example MCF-7 breast cancer cells)
and other proteins in solution. Antibody linkage for immunoassays has
also been reported via a sol-gel immobilization strategy (Wang et al., 2008).
Sol-gel films are first adsorbed to substrate surfaces in which biomolecules
can be immobilized within the gel networks. The mildness of this proce-
dure is beneficial in that bioreactivity is preserved, non-specific adsorption
is reduced, and effective immobilization of target analytes can be achieved
for immunosensing with low detection limits. For example, this method has
been applied in a microreactor for proteolysis via trypsin immobilization on
a sol-gel coated PMMA microchannel surface (Huang et al., 2006).

Anindirectapproachtoimmobilize antibodies withina PMMA/polycarbon-
ate microfluidic device to perform ELISA is also possible using functionalized
carbon nanotubes (CNT) (Sun et al., 2010). In this example, a pressure-driven
device was used and antibody immobilization was achieved via linkage onto
carbon nanotubes functionalized with poly(diallyldimethylammonium chlo-
ride). This functionalization step renders a positive charge on the coated
CNTs, therefore immobilization is achieved via electrostatic interactions
with a negatively charged antibody. The developed ELISA was used to detect
bacterial toxins such as staphylococcal enterotoxin B (SEB) with detection
limits comparable to conventional ELISA, leading to a point-of-care device
that could perform with high sensitivity.

Various other coating procedures based on commercial coating agents
have been reported including the chemical SurModics (a company spe-
cializing in surface coatings for medical applications) and Reacti-Bind™
procedures (Liu and Rauch, 2003). These methods and the cetrimonium
bromide (CTAB) surfactant were tested in the development of microflu-
idic hybridization array (MHAC) devices in which DNA probe attachment
is a crucial step. It was shown that the Reacti-Bind™ method is the least
effective of the three, whereas the CTAB method provides improved immo-
bilization of amine modified DNA oligos and the SurModics procedure is
the most effective in producing high quality spots along the array with the
least amount of surface pretreatment. As a whole, all of these methods can
improve DNA-oligomer immobilization and consequently chip efficiencies,
hybridization kinetics, and detection limits.
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2.2.3 Polycarbonate devices

A successful approach to covalent linkage on polycarbonate involves the
creation of carboxylic groups on the surface. Accordingly, several of the
previously described reaction schemes can be employed. For example, UV/
ozone treatment can be used to create COOH groups for the linkage of
amino groups via carbodiimide activation (Li et al, 2007). Subsequently,
DNA probes can be attached within a polycarbonate DNA microarray cou-
pled to PDMS microchannels for hybridization assays. Complementary
DNA fluorescence assays carried out in such a device show great selectivity
against mismatched pairs, giving them great potential to be used for por-
table plastic biochips. For the attachment of antibodies and other proteins,
carboxylic groups can be patterned as described previously for PMMA. This
approach is applicable for mammalian cell capture, such as capturing MCF-7
breast cancer cells, in addition to protein capture by immobilizing various
amide polymers (McCarley et al., 2005). Another approach that has been
successful on PMMA can also be exploited for polycarbonate (Hashimoto
et al., 2005, 2006). Surface activation with lithiated diamines can also be
used with polycarbonate for the coupling of DNA on microfluidic surfaces
to detect single base pair mutations in addition to improving polymerase
chain reaction (PCR) applications. Furthermore, spraying a photosensitive
polymer (3D’ link blocking solution of SurModics brand ‘CodeLink™”) as
a thin film, followed by UV polymerization, can also successfully derivatize
polycarbonate surfaces. Codelink™ coatings utilize a hydrophilic polymer
containing N-hydroxysuccinimide ester reactive groups, which promotes
binding of amine modified DNA while suppressing non-specific adsorption
(SurModics, 2012). This approach can also be used to treat DNA microar-
rays coupled to PCR experiments (Lenigk ef al, 2002). An improvement
of hybridization kinetics (efficiency of the process increasing hybridization
velocity) was reported with this approach for the purpose of studying single
nucleotide polymorphisms using a patterned Codelink™ coated array.

2.2.4 Polystyrene devices

Although it is the least common polymer used in medical microfluidics, poly-
styrene can also be used as a microfluidic device material. One well received
example utilizes a gold coating and thiol-linker with a carboxylic acid head
group for self-assembly on polystyrene surfaces (Darain et al., 2009). In this
example, carbodiimide activation was employed to covalently bind to the
amino groups of immunoglobulin G (IgG) molecules, and the device was
tested with a surface coated antibody/antigen assay to detect IgG via fluo-
rescence microscopy. Detection limits were in the range of typical microflu-
idics detection assays with a wide linear response for the immunosensor. In
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comparison to conventional immunoassay-based detection methods such as
ELISA, this method provided a significantly lower time requirement on the
order of 25 min (compared to several hours for competing methods) and
had a more conservative sample volume requirement.

2.3 Covalent immobilization strategies:
glass devices

Silicon dioxide (SiO,) surfaces are likely the most studied surfaces for micro-
fluidic applications. Their surface properties are suitable for a variety of
applications, not only in microfluidics but also in capillary chromatography
and capillary electrophoresis. Glass, fused silica, and quartz materials can all
be derivatized via the same coupling chemistry. By far the most used deriva-
tization strategy is silanization via silanol groups generated on SiO, surfaces.
Activation schemes involve reactive oxygen treatment, pre-activation with
acids such as piranha acid or other strong acids, and treatment with strong
bases such as NaOH.

2.3.1 Silanization

As discussed in Section 2.2.1, silanol groups on SiO, surfaces react with
alkoxysilanes forming a stable covalent bond. Silanes similar to those used
with PDMS are employed for SiO, and subsequent covalent reactions to
bind other entities occur depending on the employed silane head group.The
applications of silanization on glass are multifarious, and several examples
are given in the following paragraphs.

Proteins such as antibodies can be immobilized to glass microchan-
nel substrates for the detection of bacteria via a biosensor using APTES.
APTES is used to create an amine reactive surface to bind carboxyl-groups
for antibody attachment. A device of this type operates with a continuous
flow of a bacterial suspension through a microchannel to facilitate specific
immobilization of bacteria to an antibody derivatized channel wall for sen-
sitive detection (Boehm et al,, 2007). Silanization can also be employed for
bilayer lipid membrane (BLM) attachment on glass surfaces to reconstitute
membrane proteins for electrophysiological and single molecule studies.
For example, perfluorooctyl-trichlorosilane (PF-TCS) can be used to render
glass hydrophobic followed by an injection of a lipid-based solution to facil-
itate the formation of BLMs. The incorporation of a spark-assisted chemical
engraving method to develop the glass microstructures makes the complete
device fabrication process simple and quick for easy integration (Sandison
et al., 2007).

A slightly different application of silanization can be used to immobi-
lize antibodies on glass beads to detect pathogens within a microchannel
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(Lee et al, 20006). Initially, the glass beads are coated with an aminosilane
(APTMS) and functionalized with aldehydes to form a carboxy terminus
for covalent immobilization with the primary amines of various antibod-
ies. The channel is then packed with the functionalized beads and, in this
example, was used to specifically bind with IgG as well as E. coli, using their
respective antibodies. Highly specific binding to the target analyte can be
achieved with this method, and the use of glass beads provides a greater
functionalized surface area and thus a higher antibody concentration,
resulting in improved detection sensitivity compared to devices where only
channel walls are treated. Application of this method in a glass microfluidic
channel is also possible to covalently attach enzymes for biocatalysis studies
(Lee et al., 2003a). Another antibody immobilization technique via silaniza-
tion in a glass microchannel involves a protein A surface coating following
a necessary pre-silanization step for IgG attachment (Dodge et al, 2001).
Coating channels with protein A for antibody binding reduces antibody
denaturation and provides a higher binding affinity compared to direct glass
immobilization resulting in increased antibody pre-concentration and assay
sensitivity. Additionally, protein A bound antibodies are oriented correctly
for efficient antigen binding, resulting in an even greater increase in immu-
noassay efficiency.

Bifunctional silanization of a glass substrate can also be applied to
microfluidic PCR (Shoffner et al, 1996) or capillary electrophoresis
(Hjertén, 1985) coupled with a secondary treatment using various poly-
mers. Untreated or not properly treated devices have the potential to
inhibit PCR, making it important to develop devices with optimal sur-
face chemistries. Possible PCR compatible silanes include SurfaSil™ and
SigmaCote™ coated with the polymers polyglycine and polyadenylic acid.
It has been shown that higher yields of amplified product are obtained
from channels coated with SurfaSil™ and a polymer, namely polyglycine,
with results comparable, and in some cases exceeding, those obtained
from a conventional PCR experiment. In terms of capillary electropho-
resis, polydimethylacrylamide can be immobilized to glass capillary walls
with trimethoxysilane via a well-known coating procedure to reduce EOF
(high EOF reduces resolution by causing the sample plug to broaden) and
non-specific adsorption of analytes (which leads to a heterogeneous spa-
tial distribution of the analyte and thus poor separation). This method has
been applied extensively for the aforementioned benefits, namely in lab-
on-a-chip devices that incorporate cell lysis, DNA amplification by PCR,
and analysis by CE (Waters et al., 1998).

Silanization strategies are also used for flow-through DNA microarray
devices (Wei et al.,, 2005). One distinct example is a glass/PMMA hybrid
device, in which a PMMA microfluidic channel is used to deliver sample to
a microarray patterned on glass via ‘shuttle hybridization.” As mentioned
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previously, PMMA can be silanized and functionalized with organosi-
lanes for DNA immobilization (Cheng et al, 2004). To immobilize DNA
on the glass portion of the device, the surface is silanized with triethox-
ysilane and then functionalized with an aldehyde derivative for immobili-
zation of amine-functionalized DNA oligo probes. Overall, the continuous
flow mechanism within the device significantly reduces DNA hybridization
time. Similar silanization methods are employed within three-dimensional
DNA microarray devices that connect glass microfluidic channels perpen-
dicular to a 2D glass surface. In these devices, channel walls are silanized
and functionalized to immobilize amine-derivatized DNA oligos on the
glass channel surface onto which injected analyte can be hybridized. Using
this surface treatment method, high-density immobilization is successfully
attained compared to traditional two-dimensional array patterning methods
(Benoit et al., 2001; Cheek et al., 2001).

2.3.2 Polymer immobilization

Immobilization of the polymer polyvinylalcohol (PVA) has been used
extensively for applications related to electrophoresis. Generally, PVA-
based coatings increase device efficiency by reducing non-specific adsorp-
tion which improves separations due to reduced analyte-wall interactions.
PVA coatings are further stable in a broad pH range and facilitate the
suppression of EOF while concomitantly increasing the resolution of the
applied separation. To demonstrate PVA-based coatings and illustrate its
advantages, several groups have coated glass microfluidic devices for elec-
trophoresis (Belder et al., 2002; Ludwig and Belder,2003). The PVA-coating
procedure is very simple and non-complex, as a 1% aqueous solution of
PVA is simply flushed through microchannels to coat them. Thermal bond-
ing is then used to covalently attach the polymer to channel walls. PVA
coated devices vs non-coated devices exhibit controllable and suppressed
EOF, reduced non-specific adsorption of analyte fluorophores, and a three-
fold increase in separation efficiency. Furthermore, sensitivity is increased,
and the need to wash or etch devices for reuse is unnecessary, thus improv-
ing robustness. To potentially increase separation efficiency even further,
PVA coatings coupled with an organic background electrolyte solution can
be used (Varjo et al, 2004). The use of a lower conductivity buffer solu-
tion allows for stronger electric fields to be applied, thus increasing sensi-
tivity. Under these conditions, a similar comparison of PVA vs non-PVA
coated channels showed that PVA coated channels improved the resolution
of a complex separation, while non-coated channels could not even achieve
baseline resolution. The same PVA-coating procedure can also be applied to
a PDMS-based device to achieve similar improvements in overall electro-
phoretic separation (Wu et al., 2005).

© Woodhead Publishing Limited, 2013



76 Microfluidic devices for biomedical applications

2.4 Adsorption strategies

In contrast to covalent attachment techniques, adsorption strategies rely
on intramolecular interactions between the coating material and the sub-
strate surface. They can be mediated via electrostatic interactions, van der
Waals forces, and/or hydrophobic interactions. A major characteristic of
these coatings is their ease of use, since microchannels generally have to be
incubated with a solution containing the coating agent for a certain length
of time. Subsequent use for biomedical applications is straightforward and
advantageous, as minimal washing procedures are required. In some cases,
the coating agent can even be added to the solution during specific analyses,
which is referred to as dynamic coating. In contrast, coating of the substrate
prior to the actual analyses is termed static coating.

Adsorptive coatings have been widely adopted and can perform similarly
to covalent strategies in terms of preventing biofouling and non-specific
adsorption as well as to serve as linker molecules for further biomolecu-
lar attachment. Due to their non-covalent nature, strategies for adsorptive
coatings vary from material to material and are also based on previous sur-
face treatment steps. Adsorptive coating agents can be classified into four
major groups, which are characterized by multivalent interactions with the
substrate surface, strong electrostatic interactions, or a combination of the
two. In the following sections, polymer, polyelectrolyte, surfactant, and pro-
tein adsorptive coatings are described, which constitute the majority of non-
covalent coating strategies for microfluidic applications as schematically
depicted in Fig. 2.5.

2.4.1 Proteins

Protein coatings represent a very popular approach to coating microfluidic
channel surfaces. For example, coating with the protein bovine serum albu-
min (BSA) has been used in molecular biology for several decades to block
surface sites from non-specific adsorption. BSA is a soluble protein with a
high tendency to adsorb to hydrophobic surfaces such as wax-coated, paper-
based microfluidic immunoassay devices, where it can be used as a surface
coating to reduce non-specific adsorption (Lu ez al., 2010). Despite this char-
acteristic, BSA surface treatments are not limited only to hydrophobic sur-
faces, but can also be applied to hydrophilic surfaces, a contributing factor to
their widespread use. A representative application of BSA coating applied
to PDMS has been described by Eteshola et al. (2001), who reported back-
ground reduction by reducing the non-specific adsorption of analytes in a
sensor detecting IgG molecules for immunohistochemical analysis. BSA
was not only employed to directly suppress non-specific adsorption, but also
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2.5 Schematic of adsorptive coatings discussed in Sections 2.4.1-2.4.4.

as a linker to covalently bind protein A for subsequent directed immobili-
zation of IgG. A detection limit in the nanomolar range was reported in the
employed sensor performing an ELISA. Further discussion of BSA as an
advantageous medical device surface coating can be found in Section 2.6.2.

The tetrameric protein streptavidin has also been employed extensively
as a linker molecule by taking advantage of its very high binding affinity to
biotin. Biotin—streptavidin binding is nearly covalent in strength and the
small molecule biotin can be readily derivatized with other linker molecules
or proteins. As a result, this binding pair has found widespread application in
the physical and life sciences, and can also be employed in adsorptive strat-
egies for microfluidic surface coatings. Utilizing multilayers of biotin and
NeutrAvidin, a derivative of streptavidin with similar binding characteristics
to biotin, is one method to accomplish this on PDMS (Linder et al., 2001).
The multilayer approach consists of sandwiched layers of biotinylated IgG,
followed by Neutr Avidin and biotinylated dextran. This three-layer sandwich
has the ability to reduce non-specific protein adsorption and maintain stable
EOQOF for electrophoresis applications. The same strategy can also be used to
immobilize other biomolecular probes to biotinylated surfaces. There are
other less complex protein-based dynamic coatings to reduce non-specific
adsorption and control EOF, as demonstrated in PMMA-based microfluidic
devices, but likely compatible with a variety of substrates (Naruishi et al.,
2006). Protein blocking agents commonly found in ELISA procedures, such
as Block Ace and UltraBlock as well as lysozyme, can be used for this pur-
pose. Depending on the protein coating employed, EOF can be enhanced
or reduced, and its direction can be changed depending on buffer pH and
charge on the protein.
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For cell-based assays, other strategies mimicking extracellular matrices are
commonly pursued. The matrices can be applied with an adsorptive strategy
that allows for embedding biological cells for subsequent in vitro studies. A
key point is to provide biocompatible surfaces in which cell studies can be
performed in optimized and non-hazardous environments. An example for a
cell-based assay with potential in tissue engineering, cell-matrix interactions,
and cellular communication studies within a patterned microfluidic PDMS
device has been demonstrated by Hou et al. (2008). PDMS in its native state
resists cell adhesion and growth, which are necessary in cell-based assays,
thus motivating the need for an appropriate surface coating procedure. An
extracellular matrix mixture consisting of collagen, fibronectin, and hyal-
uronic acid can be coated onto PDMS to facilitate cell adhesion and growth
with sufficient biocompatibility. Furthermore, a technique for layer-by-layer
deposition of extracellular matrix has also been developed to micropattern
cell co-cultures as a future tissue engineering tool to study cell-cell commu-
nication and cell-matrix interactions (Fukuda et al., 2006). Others have also
suggested complete fabrication processes using alternate substrates such
as polystyrene to overcome some of the potential disadvantages of PDMS
in cell-based assays such as gas permeability, substrate deterioration, small
molecule adsorption, and hydrophobic recovery (Young et al., 2011). Cell
assays including cell culture and blood neutrophil migration detection have
been successfully performed with a polystyrene device surface coated using
similar extracellular matrix proteins to promote cell adhesion.

2.4.2 Adsorptive polymer coatings

Adsorptive polymer coatings have proven to be a versatile method for a
variety of adsorptive coating strategies; however, the choice of the coat-
ing polymer depends strongly on the microfluidic surface due to variations
in surface interactions among materials. Because glass, silica, and PDMS
exhibit a similar surface chemistry, similar polymer-based coating strategies
can be applied.

In Section 2.3.2, polyvinylalcohol immobilization was discussed; however,
dynamic coating of this polymer is also possible and advantageous for elec-
trophoretic applications. The dynamic coating method can be more stable
than static immobilization, due to constantly replenishing the substrate sur-
face with coating material. Furthermore, a variety of polymer microfluidic
materials have been subjected to dynamic coating procedures. On PMMA,
dynamic adsorptive coating of cellulose was reported to enable long term
use (100+ runs) of a single microfluidic device for DNA electrophoresis.
Devices with this type of coating can last on the order of one month and
only require replenishment of the coating agent daily. The application of
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gel electrophoresis was performed multiple times in which consistently high
and reproducible separation efficiencies were realized for the duration of
the device’s lifetime (Du and Fang, 2005). An added benefit in this case is
that the same medium containing the coating agent also contains the sieving
medium that drives the separation, which simplifies their integration.

An additional dynamic coating of PDMS with poly(dimethylacrylamide)
(PDMA) can be applied to electrophoresis applications. The coating proce-
dure is simple, in that 0.01% PDMA is added to the normal running buffer
solution, which is then injected into a microchannel in the same manner as
conventional capillary electrophoresis. In a study of this procedure, PDMA
surface adsorption was confirmed with contact angle measurements and
infrared spectroscopy indicating a successful and stable surface coating
when applied (Chen et al, 2004). PDMA-coated channels show a reversal
in EOF to a negative polarity, which allows for improved injection of neg-
atively charged samples. Additionally, a suppression of EOF occurs, which
improves sensitivity, and a hydrophilic surface is maintained within the
microchannel, which increases substrate robustness and reproducibility.

2.4.3 Polyelectrolyte multilayers

Polyelectrolyte multilayers (PEM) represent another adsorptive approach
that has been widely used for a variety of applications. The interaction forces
between the coating and substrate surface are mediated via electrostatic
interactions, which contributes to the stability of such coatings. Compared
to the short lifetime of many physical adsorption strategies, PEMs can offer
a more robust solution. Additionally, in electrophoretic applications, PEMs
have the potential to control EOF in that they can reduce or even reverse
EOF according to the polyelectrolyte charge characteristics of the exposed
layer. This resulting EOF stabilization is a key player in increasing separa-
tion efficiency and resolution. For example, capillary electrophoresis cou-
pled to electrospray ionization — mass spectrometry (ESI-MS) benefits
from the use of PEMs such as polyamine-coated glass surfaces in which
ESI-MS can be performed without an external pressure source or spray tip
(Mellors et al., 2008). The reduction of non-specific adsorption and control
of EOF contributed to this efficient, stable, and sensitive microfluidic mass
spectrometric approach for protein detection. On glass and silica as well as
polymers, PEM coatings are able to change the direction of, and control,
EOF due to differing surface charges in the employed polyelectrolyte solu-
tion (Katayama et al., 1998a, 1998b).

PEM-coating procedures, called successive multiple ionic-polymer layer
(SMIL) coatings can also be applied by placing a cationic polybrene solution
between the anionic polymer dextran sulfate and the channel wall. These
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types of coatings maintain stability across a wide pH range, show robust-
ness against strong acids and bases, and improve device reproducibility.
Another PEM example of the many available utilizes a positively charged
poly(allylamine hydrochloride) layer electrostatically self-assembled to a
negatively charged silicon surface (Hau et al., 2003). A similar approach can
be applied to a PDMS microfluidic electrophoresis device to attain EOF
control and improve overall stability (Liu et al., 2000).

It becomes apparent that the large variety of polyelectrolytes and their
simple administration as a surface treatment makes this method versatile
for a diverse set of applications and microfluidic substrates. More extensive
methods for further fine tuning can be employed as well. To further study
the stabilization PEMs provide, devices made of various substrates have
been compared for consistency in separation performance (Currie et al.,
2009). In this study, PMMA and glass microchannels were coated with
poly(diallyldimethylammonium chloride) and polystyrene sulfonate (PSS)
and compared to non-coated glass channels to show that PEM-coated
glass had a stable EOF that was independent of solution pH. Additionally,
PMMA coated with PEMs provides comparable, and in some cases better,
separation efficiency than glass devices, which is generally not the case due
to fabrication inconsistencies with polymer-based substrates. Polystyrene
and poly(ethylene terephthalate) glycol (PETG) substrates have also
been studied due to their significantly different polymer surface chemis-
tries and EOF mobilities in relation to more popular polymers. With these
polymers, similar results can be realized with alternating layers of cationic
poly(allylamine hydrochloride) and anionic PSS that give either negative
or positive surface charges, respectively, for directional control of EOF
(Barker et al., 2000a, 2000b). EOF mobilities of this system in both poly-
mers were measured, and demonstrated the ability to bring the dissimilar
EOF characteristics of the untreated polymers into close proximity with
one another with a uniform PEM coating. This overall increase in perfor-
mance and reduced variation between substrate materials as a result of
PEM surface coatings opens up the possibility to confidently use cheaper
and easier to fabricate polymeric-based substrates to improve many bio-
medical microfluidic applications.

PEMs can also be employed as a stable surface coating procedure that
can be combined with subsequent immobilization of analytes. The poly-
electrolytes poly(ethyleneimine) and poly(acrylic acid) can improve spe-
cific protein binding as well as long term stability and bioreactivity due to
an increase in the hydrophilicity of a coated PDMS substrate (Sung et al.,
2008). A slightly more complex multistep protein modification of PDMS
can also be accomplished with PEM coating, gold nanoparticle patterning,
and protein patterning. An example application of such a device illustrated
the ability to separate a group of neurotransmitters as well as environmental
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pollutants with high separation efficiency, reproducibility, and stability
(Wang et al., 2006).

Cell immobilization can also be undertaken using PEM coatings.
Poly(diallyldimethylammonium chloride) and PSS have been shown to
improve cell adhesion due to increasing the wettability of PDMS (Kidambi
et al., 2007). Using this method to treat PDMS, the degree of adhesion of
various cell types with dissimilar cellular morphologies has been examined,
in which an overall improvement in cell culturing capability was realized
regardless of cell type. The importance of this PEM method becomes appar-
ent in tissue engineering applications, where cell proliferation and adhesion
are imperative and require a cell-friendly substrate material.

2.4.4 Surfactants

Surfactant molecules are generally amphiphilic, consisting of a hydrophobic
tail and hydrophilic head moiety, and have the potential to combine these
two unique properties into an effective surface coating. First, the hydro-
philic, often charged, moiety can be employed for electrostatic attachment.
Second, the hydrophobic moiety can be employed to further control sur-
face properties, such as reducing non-specific protein adsorption, or to
control EOF velocity and direction. It has to be noted that depending on
substrate surface properties, these two properties of the surfactant can be
interchanged, such that the more hydrophobic entity interacts with the sur-
face more strongly.

A commonly employed surfactant in traditional protein analyses is
sodium dodecyl sulfate (SDS), which has also been adapted and employed
as an adsorptive coating agent in a variety of microfluidic applications. For
example, the influence of SDS on the separation of hydrophobic species by
micellar electrokinetic chromatography in PDMS devices has been stud-
ied (Roman et al, 2006). Notably, SDS forms a pseudo-chromatographic
phase, eliminating protein adsorption and increasing EOF, consequently
resulting in a rapid, highly resolved, and efficient separation. Mixed coatings
with other polymers can also be employed with SDS to tune the degree of
adsorption to PDMS surfaces based on the concentration of SDS in solution
(Berglund et al., 2003).

The non-ionic polyoxyethylene Brij®-35 and cetyltrimethylammonium
bromide (CTAB) surfactants are also candidates for the reduction of non-
specific binding and EOF control in electrophoretic separations. Usually
these surfactants are employed as dynamic coating agents and are added to
an electrophoresis running buffer; however, cross-linked PDMS layers on
silica capillaries and glass devices in conjunction with a Brij®-35 adsorptive
surface treatment can also decrease EOF in addition to reducing buffer pH
dependence (Youssouf Badal et al., 2002). Furthermore, CTAB and SDS were
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shown to work as alternative adsorptive surface coating agents for additional
control of EOF. An even simpler Brij®-35 coating, involving only the incuba-
tion of PDMS channels with the surfactant, can be used to improve separa-
tion efficiency by increasing wettability and significantly reducing non-specific
adsorption and EOF for a wide solution pH range (Dou et al., 2004).

The majority of non-ionic surfactants are block-copolymers consisting of
long chains of ethylene oxide (or PEGs) and propylene oxide, commercial-
ized under the trademark ‘Pluronic®’ Good resistance to protein adsorption
on PDMS surfaces was demonstrated with Pluronic® F108 under dynamic
coating conditions (Viefhues et al, 2011). Triton X-100™, another amphi-
philic Pluronic® polyethylene oxide, can also be used as a coating agent that
yields an acceptable reduction in protein adsorption as well as improved
performance in capillary-based electrophoretic applications in PDMS/glass
devices (Kang et al., 2005). In addition to dynamic coating, non-ionic sur-
factants can also be successfully applied as surface coating agents statically.
Various Pluronics® on PDMS surfaces have been reported to reduce EOF
as well as maintain long term stability when statically coated (Hellmich
et al., 2005).

A final and slightly different surfactant that has gained popularity is the
phospholipid bilayer system, which forms by spontaneous fusion of lipid
vesicles with microchannel walls made of substrates such as PDMS or glass
(Yang et al., 2003). These systems can be employed for ligand binding assays,
in which ligand-receptor binding can be measured under simulated mem-
brane conditions along a microchannel, for example with dinitrophenyl
conjugated lipids and corresponding antibodies. Additionally, fluorescence
assays can be used to rapidly construct complete binding curves in one
experiment, thus using less protein sample compared to traditional methods
(Yang et al., 2001). Controlled bilayer environments also open up new pos-
sibilities for biosensors in cell signaling studies in which key cellular func-
tionalities stem from cell membrane ligand-receptor mechanisms.

2.5 Other strategies utilizing surface treatments

The coating strategies discussed thus far function either by covalently bind-
ing suitable molecules to various substrates or by an adsorptive coating to
form surface layers, mostly based on organic molecules. Although these two
categories encompass many of the surface treatments available for microflu-
idic devices, there remain other approaches that can be used to change the
surface properties of biomedical microfluidic devices. For instance, expo-
sure to reactive plasma gases can produce radicals that change the chemical
composition of a surface, and physical sputtering techniques can be used to
deposit thin layers on surfaces. One common example of this involves the
use of reactive oxygen species to alter PDMS and glass surfaces via UV or
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plasma treatment in oxygen or ozone atmospheres. While these treatments
may be required as a precursor to subsequent covalent strategies, such as
silanization (discussed in Section 2.2), they can also be used as a standalone
method to alter surface properties as desired.

UV and UV/ozone exposure have been shown to increase surface wet-
tability with UV/ozone treatment being more effective based on greater
observed changes in surface chemistry (Efimenko ez al., 2002). Polycarbonate
that has been irradiated with UV light shows a similar increase in wettability,
in addition to EOF changes that are pH independent after treatment, unlike
with glass substrates (Liu ez al., 2001). Increasing the wettability of substrates
such as PDMS improves performance in bioanalytical applications, a pos-
sible example being DNA electrophoresis in a UV treated device yielding
high resolution and reproducibility. UV/ozone treatment can be taken a step
further to form porous polymer monoliths by adsorbing a UV activated pho-
toinitiator and monomers to channel walls, followed by polymerization to
non-covalently adhere the polymer to the surface. The durability and robust-
ness of this attachment has been shown to withstand high pressures, despite
its adsorptive nature (Burke and Smela, 2012).

Oxygen plasma treatment is a considerably widespread surface modifi-
cation method for microfluidic devices, mainly PDMS-based, but can also
be used with other substrates. A short treatment on the order of 1 min pro-
duces hydroxyl groups on the PDMS surface allowing for the formation
of covalent siloxane bonds (Si—O-Si) with other substrates including itself,
glass, silicon, polystyrene, and others. This adhesion is irreversible and bond
strengths between PDMS and other substrates have been shown to increase
linearly with the degree of plasma exposure (Bhattacharya et al., 2005). This
high correlation between bond strength and plasma exposure can be used
to develop optimized plasma treatment parameters based on the degree of
bonding needed. Concomitantly, an increase in surface wettability occurs
due to the creation of silanol groups (Si-OH), rendering negatively charged
channel walls for electroosmosis (Duffy e al, 1998). Changes in PDMS
wettability after plasma treatment, and after exposure to several chemicals,
have also been studied (Mata et al., 2005). While plasma treatment increases
the wettability of PDMS, treatment with several different acids and bases,
including strong acids such as H,SO,, revert the contact angle of plasma
treated PDMS to a more native hydrophobic and less wettable state. This
opens up the possibility of differentially patterning hydrophobic and hydro-
philic regions on the same substrate in a lab-on-a-chip microfluidic device
depending on the surface properties needed at each zone.

Metal sputtering methods can also be utilized in surface treatment
schemes, for example sputtering and evaporation of gold on microchannel
surfaces. The gold-coated surfaces serve as templates for self-assembled
monolayers (SAM), to which a variety of coupling schemes can be applied
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with an adequate choice of thiol head groups (see also Section 2.2.1). One
example of this involves binding collagen to SAMs using Schiff base chem-
istry for the development of cell analysis arrays with improved cell adhesion
and attraction to treated channel walls (Leong ef al, 2009). Other metals
can also be coated on microfluidic devices, for example aluminum sputter-
ing coupled with plasma treatment to create a biocompatible surface for
increased cell adhesion and proliferation (Patrito et al., 2007). The metal is
etched in areas designated by a mask to expose a hydrophilic and reactive
PDMS surface that favors cell adhesion. The novelty of this inexpensive and
simple method over others discussed is that only a single-component sub-
strate is used, without the need for surfactants or extracellular matrix pro-
tein adsorption methods previously described.

2.6 Examples of applications

The majority of the microfluidic surface modifications mentioned in this
chapter have a specific focus in terms of application. While popular surface
modifications were discussed, the applications they are tuned for were only
briefly mentioned. In this section, three diagnostic applications are examined
in further detail to demonstrate the great potential of microfluidics in the
medical sciences, as well as to further emphasize the necessity of adequate
surface coatings for successful analyses. The applications selected are those
that are highly regarded in their respective fields and take proof-of-concept
surface treatment studies and apply them to biological and medically focused
applications. The microfluidic devices discussed herein are considered to be
complete lab-on-a-chip devices, in that they are fully integrated analysis sys-
tems capable of complete diagnostics-based studies.

2.6.1 Lab-on-a-chip drug analysis of blood serum

Throughout this chapter, a significant number of the surface treatments dis-
cussed were applied to bioanalysis assays using microfluidic capillary elec-
trophoresis. Two major issues with capillary electrophoresis in a microfluidic
device are sample adsorption to capillary walls and unstable, high EOF.
Both of these effects reduce resolution and efficiency, and therefore need
to be addressed to attain a high quality separation. As presented in many of
the previous sections, a variety of channel wall surface treatments have been
shown to significantly reduce EOF as well as non-specific adsorption. There
are benefits and drawbacks of different surface coatings based on invasive-
ness, difficulty, and durability, in which an ideal coating would be easy to
apply, not interfere with sample analytes, and be robust throughout multiple
trials over time using the same device.
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2.6 (a) Drug detection device (Section 2.6.1) schematic showing the
various operating regions. Mixing of the antigen (Th) with the tracer
(Th*) is performed between J1 and J3. Antibody (Ab) is then mixed
with antigen and tracer in the J3-J4 immunoassay region. J4 shows
the injection point into the electrophoresis region followed by detection.
(Source: Reproduced from Chiem and Harrison (1998) with permission.)
(b) A representative electropherogram showing actual results from

a complete experiment. The bottom-most plot represents a control
containing only tracer in buffer. The middle plot represents a mixture of
antibody and tracer and the top plot represents a sample immunoassay
with tracer and antibody. The Ab-Th* complex shows a distinct peak
that is high when only tracer is present (middle) but decreases when
Th is added due to competitive binding to Ab. A comparison of the

two is used to quantify Th concentration. (Source: Reproduced from
Chiem and Harrison (1998) with permission.) (c) Schematic of the single
cell transcriptome device (Section 2.6.2). Numbers 1-11 represent
independently controlled valves and the center ‘cells in’ region is used
for sample injection. Initially, valves 1-3 are used to pump sample and
cell trapping occurred at closed valves 4-7. Valves 8 and 10 were used
to add cell lysis reagents and reverse transcriptase for PCR. (Source:
Reproduced from Bontoux et al. (2008) with permission.)

A lab-on-a-chip device with complete drug analysis capabilities, includ-
ing sample mixing, immunoreaction, separation using capillary electropho-
resis, and analysis, has been realized using a glass microfluidic device (Chiem
and Harrison, 1998) (see Fig. 2.6a). The automatability and positive results
achieved with this device have opened new possibilities to further develop
such devices for clinical use. Specifically in this study, the detection and analy-
sis of the asthma drug theophyllin (Th) from a blood serum sample was dem-
onstrated. The mixing portion involved the labeling of diluted blood serum
with a tracer and immunoreaction with a specific antibody, anti-Th. The free
Th was then separated from antibody-bound Th for quantitative analysis

© Woodhead Publishing Limited, 2013



Surface coatings for microfluidic-based biomedical devices 87

(see Fig.2.6b). The performance of the device was comparable to traditional,
non-integrated methods with great detection limits and analysis times were
significantly shortened due to the microscale nature of the device.

Because surface treatments are the focus of this chapter, it is important
to mention the contribution of a surface treatment to the success of this
integrated device. Similar devices without surface treatment showed low
efficiency, tailing of analytes, and background fluorescence due to adsorp-
tion (Nielsen et al, 1991). Dynamic coating using the non-ionic surfactant
Tween® 20 was utilized to reduce non-specific adsorption for a variety of
reasons, including ease of application compared to covalent methods and
biocompatibility (Tween® 20 is a common immunoassay washing agent
that prevents non-specific antibody binding). Additionally, this surface coat-
ing contributed to stable sample migration times due to a stabilization of
EOF (Chiem and Harrison, 1997). In this specific experiment, Tween® 20
was shown to be beneficial; however, as mentioned throughout this chap-
ter, a multitude of different surface coatings have been utilized for capillary
electrophoresis. When selecting a surface coating for your application, it is
important to consider all aspects of the experiment and choose one that
meets the requirements of the experiment (substrate, analyte, etc.).

2.6.2 Single cell transcriptome analysis with microfluidic
polymerase chain reaction (PCR)

Gene expression is a highly studied area to improve our understanding of
organisms including their regulatory pathways, growth, etc. To investigate
complete genetic expression or the transcriptome, single cell analysis is
appropriate. Due to small sample volume availability in these types of stud-
ies, microfluidics is an excellent platform to employ, especially since there
is the potential for complete lab-on-a-chip development. Similar to the
analysis of proteins examined in Section 2.6.1, DNA analysis poses similar
obstacles in terms of substrate/analyte interactions that can impede success-
ful analysis, exemplifying the need for surface treatments. Advancements
in microfluidics have led to the development of a PDMS device that can
capture and lyse cells followed by reverse transcriptase polymerase chain
reaction (RT-PCR) amplification and analysis to study gene expression in
mouse brain (Bontoux et al., 2008). The layout of this device is schematically
depicted in Fig. 2.6¢c. Injection of individual neuronal cells into the device
and subsequent processing and analysis allowed for an average detection of
5000 genes per cell, the expected number in a single cell of this type. This
exceptional sensitivity and ability to study a cell’s transcriptome is a signifi-
cant clinical advancement towards rapid and more complete genetic analy-
sis to understand the pathology and physiology of an organism.
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A necessary and common surface treatment was used in this device:
dynamic channel coating with the protein BSA. Due to its biocompati-
bility and ease of use, BSA surface passivation has been commonly used
in microfluidic PCR to reduce adsorption (Zhang et al., 2006) in addition
to other applications discussed in Section 2.4.1. It has been reported that
Tag polymerase adsorption is significant and contributes the most to poor
PCR performance compared to DNA adsorption, which still occurs but
to a lesser extent (Erill et al, 2003). BSA has found widespread use due
to its competitive adsorption to substrate walls with Tag and DNA, effec-
tively reducing unwanted analyte adsorption. A potential explanation of
this phenomenon is that BSA has similar charge characteristics as DNA
under microfluidic PCR conditions and therefore has similar attraction to
substrate channel walls (Nagai et al., 2001). An added benefit of BSA is
that it acts as a stabilizing agent of polymerase enzymes in solution. Similar
to the Tween® 20 capillary electrophoresis surface coating, an appropriate
surface coating for DNA PCR was applied with multiple benefits to ensure
increased performance while remaining simple to apply without introduc-
ing detrimental side effects to the sample. Following a common theme, a
vast number of surface treatments have been developed for microfluidic
PCR in addition to the selected example so it is recommended to review
Section 2.8 for more resources and other potential surface treatments
applicable for PCR.

2.6.3 Immunosensor to detect pathogenic bacteria

Immunoassays such as ELISA are very common diagnostic tools in the
health sciences, due to their high specificity, sensitivity, and versatility in
detecting a wide range of target analytes. Traditional immunoassays involve
an antibody coated on a substrate such as a standard titer plate to which a
sample is applied. If target antigens are present, they bind to the immobi-
lized antibodies and can be detected by a variety of readout methods. One
can imagine that bound antibodies required in immunoassays could also be
coated to the surface of a microfluidic device as discussed in Section 2.2 for
a variety of substrate materials.

An important real world health application for immunoassays is the
detection of pathogens such as E. coli in the food industry due to the health
risks associated with foodborne pathogens. Consequently, rapid analysis of
low sample volumes is needed, which makes microfluidics favorable over
complex, labor intensive immunoassays such as conventional ELISA. This
has led to the development of simpler detection methods using impedance
measurements, classified as immunosensors. One such example based on
immunosensing is a PDMS micro-immunosensor that can detect danger-
ous foodborne pathogens such as E. coli and S. aureus. The device utilizes
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2.7 (a) Immunosensor schematic showing the capture of bacteria as

it passes through a nanopore membrane. Antibodies immobilized to
the surface trap bacteria which block the pores leading to an increase
in impedance through the system. (Source: Reproduced fromTan

et al. (2011) with permission.) (b) Another example of an impedance
based immunosensor using a simpler two chamber design in which
glass is silanized to immobilize antibodies. As bacteria flow from the
inlet into the large chamber (top), they are captured by the antibodies
(bottom) which alters the electrical properties of the chamber. Bacterial
sensing is accomplished by observing a change in impedance. (Source:
Reproduced from Boehm et al. (2007) with permission.)

an integrated nanoporous alumina membrane to which bacterial antibod-
ies are covalently immobilized to a self-assembled, epoxy-functionalized
trimethoxysilane monolayer (Tan ef al, 2011). As described in other
silanization procedures, reactive hydroxyl groups on the substrate surface
are needed (in this case formed with H,O, treatment) to react with silane
methoxy groups to silanize the surface. Amino groups on the antibodies then
react with an open epoxy group functionalized to the silane, which provides
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a covalent linkage between the antibody and the substrate surface. When
a sample flows into the membrane, sensing is accomplished when bacteria
attach to the antibodies and begin to block a nanopore, effectively increas-
ing the impedance through the device (see Fig. 2.7a).

Similar surface chemistry has also been applied to a glass microfluidic
bacterial immunosensor (Boehm et al., 2007). Instead of an integrated
membrane, the immunoassay takes place in a chamber within the glass
chip silanized to immobilize antibodies (Fig. 2.7b). As sample flows into
the chamber, bacteria bind to antibodies and act as insulators by replac-
ing equal volumes of conducting solution, thus altering the impedance of
the system. In both of the aforementioned examples, analysis times are
very rapid and high sensitivity is attained, illustrating the capability of
microfluidics as a platform for immunosensing. Furthermore, the versatil-
ity of silanization and covalent immobilization of antibodies is illustrated
with the ability to apply this surface treatment to multiple substrates and
device designs. Despite these differences, the treatment remains effective
in driving the immunoassay and maintaining high sensitivity. Further ver-
satility can be realized by considering the ability to immobilize a variety
of antibodies to various surfaces to detect complex bacterial samples or
other biological analytes.

2.7 Conclusion and future trends

It is apparent that surface coatings are essential for the success of many
medical microfluidic devices for a variety of applications, whether applied
to sensitive diagnosis or as research tools in the field of medicinal biology
and chemistry. As was demonstrated throughout this chapter, the variety
of materials and coating strategies for microfluidic materials is enormous.
Among those, silicon dioxide-based devices are the best characterized and
their covalent surface chemistry can be well adapted to a specific problem.
It is therefore not astonishing that glass devices are used in many commer-
cial microfluidic devices, such as in the cartridges used for the Bioanalyzer
instrument from Agilent, for example. On the other hand, most polymer
devices are flexible; a property that could become advantageous for point-
of-care devices,implantation, and continuous monitoring. Additionally, most
polymer devices can be fabricated with mass replication tools such as injec-
tion molding, which allows for economical and mass production. Nowadays,
such replication tools can even be generated with nanometer-sized features
allowing for versatile integration and parallelization.

Despite advancements in microfluidics, the surface chemistry of poly-
mer devices strongly depends on the chemical composition of the polymer
employed making general surface treatment schemes, such as that provided
by the silanization of glass, not available. Consequently, the application of
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polymer devices greatly depends on the choice of the polymer material, thus
available immobilization strategies will have to be adapted to novel poly-
mer materials. A large variety of successful usages of polymer devices have
been demonstrated and discussed throughout this chapter, illustrating that
adequate surface coatings can be developed for polymers to compete with
glass devices in various applications. A specific advantage of polymer mate-
rials over glass devices arises from their gas permeability, which becomes
important for cell-based studies and diagnosis. PDMS, for example, has
shown excellent gas permeability and cell culturing capability in tandem
with appropriate surface treatments. In summary, one can expect the contin-
uation of silicon dioxide-based devices for high sensitivity applications and
where reproducibility is greatly influenced by covalent and stable coatings.
Polymer devices have great potential for point-of-care and single use appli-
cations where within-chip reproducibility is not a stringent requirement but
cost effectiveness is essential.

2.8 Sources of further information and advice

In this chapter, a general overview of covalent and adsorptive surface coat-
ings for microfluidic applications was given for the most common strategies
used. For other materials and detailed protocols, the reader is referred to
the literature cited in this chapter. Moreover, review articles provide useful
information on coating strategies and their applications. For example, one
of the most common materials used in the field is PDMS (Section 2.2.1) and
the properties and general handling procedures of PDMS are described by
Mata et al. (2005) and Lee et al. (2003b). Moreover, various common sur-
face modifications for PDMS are summarized in references Makamba et al.
(2003), Wong and Ho (2009), Zhou et al. (2010, 2012) and surface modi-
fications of other polymers, specifically PMMA and polycarbonate, were
reviewed by Soper et al. (2002).

The interested reader is further referred to reviews in the clinically impor-
tant field of tissue engineering and PCR analysis. Surface treatments and
procedures regarding tissue engineering were outlined by Park et al. (2007).
In relation to miniaturized PCR analysis, various substrates were discussed
by Zhang et al. (2006) including PDMS, PMMA, and polycarbonate. Static
and dynamic passivation with separate and coupled surface chemistries
were outlined including protein coatings, surfactants, silanization, polymer
coatings, etc. This review covers a vast majority of papers published cov-
ering on-chip PCR as well as methods to develop such devices including
aspects of fabrication, surface chemistry, implementation, etc., and specific
applications such as microbial detection and disease diagnosis. Finally, sur-
face treatments for microchip electrophoresis have also been extensively
reviewed in Doherty et al. (2003) and Dolnik (2004).
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Actuation mechanisms for microfluidic
biomedical devices
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Abstract: The dominance of surface and viscous forces at small scales, in
particular, render the actuation and manipulation of fluids and particles
in microfluidic systems a significant challenge, especially if integration
into a portable handheld platform is desired, for example, in miniaturized
devices for point-of-care diagnostics and biosensing. We provide a
summary of the main actuation techniques that underpin a broad
spectrum of microfluidic operations, and, in particular, briefly overview
the role of electric and acoustic fields for this purpose. The former are
currently mechanisms of choice that are already widely used, whereas the
latter, especially surface acoustic waves, comprise an emerging technique
that has gained considerable attention of late.

Key words: fluid and particle manipulation, microfluidics, mechanical and
non-mechanical actuation, electrokinetics, surface acoustic waves (SAW).

3.1 Introduction

Actuating and manipulating fluids and particles at microscale dimensions
poses a considerable challenge, primarily due to the surface area to vol-
ume ratio as the characteristic system dimension is reduced, which reflects
the increasing dominance of surface and viscous forces in retarding fluid
flow. This is captured by the characteristically small Reynolds numbers
(Re = pUL/u < 1) in microfluidic systems, wherein p and u are the density
and viscosity of the fluid, and U and L are the characteristic velocity and
length scales, respectively. Laminarity of the flow is also inherent in these
low Re systems, thereby highlighting further challenges with regards to fluid
mixing, especially in diffusion-limited systems.

To date, external syringe pumps have been widely utilized to induce
flow and mixing in microfluidic systems. Although these are precise and
reliable, they are fairly large and hence confined to laboratory benchtops,
thereby proving difficult to integrate with other operations on the micro-
fluidic device comprising a miniaturized handheld platform for portable

100
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operations, for example, for use at the point of need (Yeo et al.,2011). This is
further complicated by the inlet and outlet tubing and ancillary connections
required for fluid transfer between the pump and the chip, which requires
careful handling by a skilled user, therefore making their use considerably
challenging for adoption by patients, for example, in diagnostic testing. The
majority of medical testing also involves molecular and bioparticle manipu-
lation, which require additional microfluidic capability for fast and sensitive
preconcentration, sorting and detection.

In this chapter, we summarize the various mechanisms for microfluidic
actuation within two subcategories: mechanical and non-mechanical actua-
tion mechanisms (Table 3.1). This is followed by a brief overview of two
mechanisms, namely electrokinetics and acoustics, which we believe consti-
tute the most promising and practical methods for driving fluid and particle
motion in microfluidic devices, as reflected by recent growing interest and
popularity in their use.

3.2 Electrokinetics

To date, electrokinetics, which concerns the use of electric fields to manipu-
late fluid flow, is one of the most preferred and widely used methods for
microfluidic actuation. This is because electrodes are cheaply and easily
fabricated, and can be integrated without much difficulty in microfluidic
devices, and have the ability to provide high electroosmotic flow rates, effi-
cient electrophoretic separation, and precise dielectrophoretic particle posi-
tioning. Here, we provide an overview of the basic principles underlying
these flows and a brief summary of their use for microfluidic actuation. The
reader is referred to a more comprehensive treatise on the subject in Chang
and Yeo (2010).

3.2.1 The electric double layer

A channel surface in contact with an electrolyte solution tends to acquire
a net charge through various surface-charging mechanisms (Hunter, 1987).
Consequently, free ions in the bulk with opposite charge to that on the sur-
face (counter-ions) are attracted to the channel surface, while ions with like
charge (co-ions) are repelled. A thin polarized layer rich in counter-ions,
known as the Debye double layer, therefore arises adjacent to the channel
surface, as depicted in Fig. 3.1a and 3.1b.

The electric potential field ¢ in the double layer can be described via a
solution of Gauss’ Law V?p = —p /e governing charge conservation. For pla-
nar systems of symmetrical binary electrolytes, the volume charge density p,
can be specified by the Poisson-Boltzmann distribution; in the limit of small

© Woodhead Publishing Limited, 2013



L00z /e 18 seg
‘G00¢ “/e 18 jneyoey
‘z661"/e 18 8|1ebuaz

LLo¢
‘ayonoJiwy pue noyz
‘0L0¢ “fe 18 elnoy|eH
-V ‘000¢ ‘ni7 pue ooy
800¢ /e 15 aieyemeAp
L00zZ “/e 18 nX
‘8661 /e }o pleuag

LLOZ “/e 39 eiwes
-1qV ‘0L0Z “/e 18 unjI0H
900¢ "1e 1@
18A01D) IG00Z “|e 18
wiy| 10002 ‘Bueppue
Buosr !066L “/€ 19 |10d
800¢ "/e 18 Buep
1£00¢ “e 18 Buer izooz
““|e 18 18||]anwiqeyos
‘8661 /e 18 Yooy

‘pinjy oyl sdwnd ‘uany ui ‘1ey}
9ouaJaylp ainssaid e ul s}nsal uonda|yap Buneuisye ay] ‘plal 8yl 4o
uolexe|al uodn uonyisod |eljul SH 0} SUIN}BJ duRIqUIBW PaII3[4BP By L
‘paijdde s| abeyjon ajeridosdde ue usym sueiquuisawi 1OS € JO UOI109|}9p
ay1 saAlIp sale|d pabieyd Ajausoddo usamiaq 92104 UOIIOLINIR 2IQUOIN0D
"U0I119811p MO} 38U
9A8IYOE 0} S19[IN0 pue S13|ul 8y} 0} 8SO[D SIUBWS|S 8|ZZOU pue Jasnyip
YHM pauiquiod SI SIY] "uolielqia sy ul Buiynsaa ‘ainjonais oawAjod
1JOs e ul pappaquws Ajjeoibalelis sjuawald d11dubew Jo asn a8yl yum
plal} onoubew Buie|ioso ue BuiAjdde Ag paAsiyoe s| uollenioe pin|4
‘plol4 01431098 ue Japun SIAdd Se Yons siawolse|d Yos
uo suleJls abie| paxa 01 Aljige 419yl 01 anp sJaxa|diyinw pue sayoie|
‘sdwind ‘saA|eA se pasn ‘salim Ajlusdal siow pue ‘swi|l} Uiyl ale sy|AS
‘Buidwind |euoioa11piq Mmo||e 0}
J10AJ8s81 8y} Jo Buileay yum siyl sauiquiod uoiippe oiewnaudowuayl
V 1010Wo0.91W Aloleioge| e Buisn uolielos uodn paAaiyoe s| S82404
|ebnyu1uad woly Buisiie sa1n1onils 8sayl Ulylm uollenioe pinj4
(@D) 9sip 10edwod e UO paulsned ale S|UURYD PUBR SOA[BA ‘SI1IOAI9SAY

‘SUOISJAA d1lewWNaudowlayl ul pasn aJe Jile pajood pue

pa1eaH "SJasnyip YU pauiquiod uayo ‘pinjy ayl sdwnd 1ey) souaiayip
alnssaid e 91ea1d 01 wbeiydelp e xe[al pue ajenioe 0} paAojdwa s| 4y

‘[auueyd 8y}

10 Y1Bus| ay1 Buoje uooe (uolexe|al pue UOIIOLIIUOI [elIUBNbAS “a'1)

onjelsiiad Ag uonow pinj 8anpul 0} pial} 914109|8 ue 03 193[gqns usym
SWI0Jap 1Byl oe1s e 10 ‘0sip 014399]90za1d e Buisiudwods wbeaydelp v

211e1S01109|3

o1jpubewo04109|3

(SVINS)
sAojle Aiowsw-adeys

(ao-e
-uo-qe ‘sueab Aiejou
“B-9) |ebnyyuay/Aieloy

onewnasudowJay |
/olewnaud

214308|902z81d

seoualaley

sajoN/|edioulid

[edlueyIs |\

uOoI11BN3IO. DIPIN|0IOIW 10} SWSIUBYOBW UOIIBNIOR [2OIUBYOSW-UOU PUR [EoIUBYISW UleW By}l JO Alewwng [ 'S a/qe]

© Woodhead Publishing Limited, 2013



(penunuo))

oLoz “1e1e
Atayoeus|p ‘0L0Z ‘Blyted

LLoz “re 1o
uoAuay| ‘800z "€ 18 NAA
6002 “fe 15 Buep
€002 /e 18 eanwee|
200z “19baey| pue sezeT
800¢ ‘luepueyoueln
pue nseg :500¢
‘uelod] pue saqnyJleq
0L0Z "/e 18 zaulue
600¢ @ydiewe|ag
pue sieAlan) ‘002
““|e 18 eme|1yo|

‘P18l 911098 wiojun-uou e Jo uonedijdde ayl o1 anp
wnipaw e ul papuadsns sa[oiHed 911199|81p JO UOIO|A :SIsaioydoulds|aiq

‘pinj} Aleuoiiels e ul suol 10 sajoiped
pab.ieyd anow 01 p|al} 9141998 pailjdde ue Jo asn :si1saioydoulos|g

‘PI81} 214108]8 |RUISIXS UR 0] dnp Alepunoq
p1jos pax1y e Buoje uoiinjos snoanbe JO UOIIOW Y|ng :SISOWS00.199|3
‘sjusipesb (Aiejjidesoirdo) |eondo Jo ‘(Aie|1deoou109|9)
|eo1419918 ‘(Ase||1deo0oWIBYy]) |[eWIBY] ‘UOI1RIIUBDUO0D (Jueloelins “*6°9)
|EQIWIBYD O3 NP MO[4 [BI9BLISIUI JO UOIIRIBUSK) (JudlpelBb uoisusl adeung
‘Buidwind aAnoe Buuinbaus 1noym
wislueyoaW uoilenioe aAissed B S19J40 11 9SNeJaq SAIIORINY "S9lel1sqns
paseq-1aded ul 10 sjpauueyd ul spinj} 40 Builldam SaALIP 1By} 89eLia1ul
ue Ss0Joe 9oualaylp ainssald e Aq paonpul moj4 ;Juaipelb ainssaid

(0L0Z) 08ApuE
Buey) - (Buimamoulos|a
pue sisaioydoulosjaip
‘sisaioydosyos|d
‘SISOWS004103|8

"B°9) s2119U1X0.199|3

(swualpesb uolsua) 8oeyINs
pue ainssaid “6-9) Ase|jide)

saoualayey sa1j0N/|ediould |EOIUBYOD|A\-UON
‘uolje|ndiuew a|ndajowolq pue ajoiued oueu/o1dIW
pue uoienioe oIpinj} 40} (Bulwealls 211SN0J.) MO|4 pInj} sa1elauab
LL0zZ e 1o 1BY} WN1USWOoW e 0 sa|o1ued uo 82104 211SN0Je 10a1Ip B 9lelausb
0B8A1L0Z ‘09APUE pUBLIY 181 SOABM 90BJINS |BOIUBYIaWO01108|8 Aouanbaly 1apio zZHIA AMVYS
zZLoe ‘Buiddeuy pue Buipos

““le }o eluyseH 'z10¢
““le o Buep ‘q600¢
'e600Z /& 19 pawyy
000¢ “/e }o Bua|p
/661 “Ie J8 |ynquibn-
‘1661 /e 18 Asuouo|p

ajo1ued Joj Ajjuadal pue Buixiw pinjj 104 pasn AjjedidA] 1eonpsuedy

014399|902za1d e Buisn |suueyd e uo suolysod o16a1ells 18 payoene
$9|qQgnq 4O UOIIRIIIXd BIA UBAIIP Bulwealls 211Sn0oy :Bulwealls ajqqng

‘(Bulweauls

211SN0Jk) MO[} 01 PINJ} S8SNEI ‘UIn] Ul ‘YdIym ‘p|al) 911snode ue
salelauab 1eyl wijly 9143109|90za1d UIYl B JO UOIIRIGIA Y|Ng :SOABANA |BINX3|

(SMmvS pue

Buiweauls a|qgnq ‘seAem

|eanxal} “*6'8) 9131SNOJY

© Woodhead Publishing Limited, 2013



G00Z ‘1maladsoud
pue UIA500¢ ‘Mnzng
pue eieqey :¥00¢
"“e 18 1WIYSOA 002
‘eweAauUOA pue BNzng
€00¢ "Ie 18
1813 'Looz /e 18 neg
‘000¢ @91 pue Buep
‘000¢ ‘97 pue yowsT]

L00C "Ie 18
HeH ‘€00z ‘Aenia)
pue ueH ‘ge6L ‘eyesew|

S00¢ “Ie 18
8|esN :500¢ “/e 18
nolyy 'zooe /e 18
epjejoyq :£661 484D

oLoc

“Ie }8 1X1@ ‘600C "€ 18

3||!A1e@ -L00C “Ie 18
pnoJeg !G00¢ ‘Aeli0bBLID)

800¢ “18|@3YM\ 5002
‘Joieg pue ajabnip

'500¢ ‘Buey) pue osp

‘swbeaydelp uo Buiysnd Aq uayo ‘sjpuueyoosoiw
ul Buidwnd aALIp 0} pasn S| UOIIR||I9SO 8|qgqnq 8y ] ‘(uollelAed *6°9)
Ajjewaayy 10 (S1SA|04109|9 BIA “*B°9) A||BO1WBYD01109|9 J18YLd poalelausn

‘plaly o1leubew syl pue 2113109]9 8y}
y1oq o1 Jejnaipuadiad ‘spinj Bunronpuod dwnd 031 92404 U0 B JO asn
‘ainssaid |eonndo pue Beip piny
usaM1aq aoue|eq e sI uoleoo| paddedy ,se|o1ed ayl pue Mo|4 pinj} 8y}
1suiebe pauoilsod s| weaq ay3 aiaym ‘uonebedoud jo sixe su Buoje
sa|o1ued ded} 0} weaq Jase| pasnooy e o asn :Aydeisbolewolyd |eanndQ
‘weaq 1yb1| ayy jo uoneziiejod
oy} bunendiuew Aq Ajdwis desy |eonndo paepuess e uj pajelod aq
ueod a|o1ued e yoiym ujl paliojdxs aq ued sduabulialiq ‘Ajpaneussly
‘wieaq Jase| pasnooy Ajybi syl uryum jusipelb |esndo ayy o1 anp
panow pue paddesy aq ued sajoiued 91130981 :S49z89M} |eo1ldQ
(Aua Asejjidey os|e
99s) MO} pin|} 01 Bulpes| s82.10) Ale||ideo0WIBY] S8oNpUl WEeaq J1ase|
ay1 Jo uollezi|eso| ‘uonippe uj ‘Buimal usAs 10 uoIIBWIOP |BlOBJSIUL
ul Buinsau ‘xapul 8A110B1481 Ul 92UBIBYIP Syl 01 dNp d99eLId1ul
pinj} 8yl 1e aunssaid uolleiped e 01 asid saAlb 1yb1| Bunebedoad
juaploul Agq pallied wniuswow 8y :UollEN}oe. IPIN[L0IoIW JaseT]

*(uoneanbiyuod 8poI1”|e
uo Buipuadap) aoeyia1ul 8yl Buoje ainssald [JomXe|\ B 10 dul| 10BIU0D
9y} 1B 9240} ||9MXB|A B 4O uoilesauab ayy Aq pjal} 014109]8 paijdde

ue ybnouayl wyij 10 doap e Jo Aljigenam ayl Jo |043u0) :Bullemol1ds|g

se|qqnqoloi

olweuApoipAyolaubelp

(0L02) /e 18 uewuleq
- (AydeisBojewouyo
|eondo ‘pue Buizeami
|eando ‘uonenyoe

a1pinjjoloiw Jase| “Ba)

(sa1pinjjoido) sondo

CERIVESETE

saloN/|edioulid

|eOIUBYODN-UON

panunuo) ' 8jqel

© Woodhead Publishing Limited, 2013



Actuation mechanisms for microfluidic biomedical devices 105

surface potentials ¢, << RT/zF ~25.7 mV (298 K), linearization of the resul-
tant Poisson equation together with boundary conditions prescribed by the
surface potential ¢ = ¢, = A,E; (y = 0) and a potential and electric field E =
—dg/dy that decays away from the surface to the bulk (y — o) permit an
approximate analytical solution in the form

p= pe ', [3.1]
where
ERT
S Py 2

is the Debye screening length or double layer thickness. The above is known as
the Debye—Hiickel approximation (Debye and Hiickel, 1923), wherein y is the
coordinate normal to the surface, ¢ the permittivity, R the molar gas constant,
T the absolute temperature, z* the ionic valency, F the Faraday constant and
C., the bulk ion concentration. We note the inverse relationship between the
Debye length and the ion concentration (and hence conductivity) in Equation
[3.2]: strong electrolytes lead to thin double layers (~0.1-10 nm), whereas
weaker electrolytes give rise to thicker double layers (~10 nm-1 um).

The Debye—Hiickel approximation, which assumes that the counter-ions
are mobile point charges distributed by rapid and random thermal motion
in the diffuse double layer, nevertheless fails to account for hydration or sol-
vation effects due to the finite ion size. These effects were later taken into
account by allowing for a Stern layer comprising hydrated counter-ions that
are bound by water molecules, whose local screening effect permits their
adsorption onto the surface (Fig. 3.1c) (Stern, 1924). A slip plane therefore
must exist between the rigid and stationary Stern layer and the mobile dif-
fuse layer, along which the potential, more specifically known as the zeta
potential ¢, can be experimentally measured (in contrast to the difficulty in
characterizing the actual potential on the surface). For weak to moderate
electrolytes, in keeping with the small potential limit in the Debye—Hiickel
approximation, { ~ A, E; ~ 1p0//e.

Electrokinetic phenomena therefore arise as a consequence of slippage
of the diffuse double layer over the charged surface upon the application
of an applied electric field to generate bulk flow (electroosmosis in the case
of stationary charged surfaces) or particle motion (electrophoresis in the
case of a stationary medium), or an applied external force to produce an
electric potential (streaming potential in the case of flow over a stationary
surface or sedimentation potential in the case of charged particles moving in

© Woodhead Publishing Limited, 2013
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3.1 (a) Schematic depiction of, and (b) concentration profile (top)
and electric potential variation (bottom) in the Debye double layer of
thickness A, that arises as a consequence of an electrolyte solution

in contact with charged surface, showing the enrichment in counter-
ions and depletion in co-ions. (c) Stern layer that comprises hydrated
counter-ions bound by water molecules.

a stationary medium). Given their relevance to microfluidic actuation, we
briefly highlight the first two cases in the discussion to follow.

3.2.2 Electroosmosis

Electroosmotic slip

In its most general case, electroosmosis comprises the bulk motion of elec-
trolyte that arises when a tangential electric field is applied across the equi-
librium double layer that forms when the electrolyte is in contact with a
solid boundary that acquires surface charge as a consequence. As depicted
in Fig. 3.2, counter-ions in the diffuse layer are attracted to the electrode with
opposite polarity, their net charge giving rise to a Maxwell (Lorentz) force
p.E and hence momentum transfer on the liquid, which drives an electroki-
netic slip at the slip plane. This slip can be derived from a balance between
the hydrodynamic viscous and Maxwell stresses, assuming that the double
layer is sufficiently thin compared to the channel radius/width such that the
flow is unidirectional along the channel and that the pressure gradient only
arises as a consequence of the tangential gradient in the normal surface
field. Details of the derivation can be found in Chang and Yeo (2010); here,
it suffices to quote the result, known as the Smoluchowski slip velocity:

_&E, [3.3]

© Woodhead Publishing Limited, 2013



Actuation mechanisms for microfluidic biomedical devices 107

Surface

CHCECHCONCHECONS)

©
®

. ? @ @ @ @ @ @ ®/_ Double layer
us; @ (—@ @_)
Anode : @ E» @ Cathode

3.2 Counter-ions within the diffuse double layer are attracted towards
the electrode with the opposite polarity upon application of a tangential
electric field, giving rise to a net Maxwell force and hence bulk motion
of the fluid known as electroosmosis. Given the double layer is thin
relative to most microchannel dimensions, the flow velocity profile is
essentially flat across the channel.

where E, is the applied tangential field and p is the viscosity. Typically,
¢ ~10-100 mV and hence slip velocities up to around 1 mm/s can be gener-
ated with fields of approximately 100 V/cm.

Electroosmotic pumping

The velocity therefore increases from its zero value (i.e., no-slip) at the
channel wall to the maximum value given in Equation [3.3] at the slip
plane. Consequently, the slip drags the rest of the liquid in the channel
along, giving rise to bulk electroosmotic flow. Given the asymptotically
small Debye length, the bulk flow can be considered to arise from slip at
the channel walls, and hence the velocity profile is essentially flat across the
channel. This plug flow is convenient and particularly advantageous over
pressure-driven flow from many perspectives, especially for microfluidic
applications, since it minimizes hydrodynamic dispersion that leads to sam-
ple band broadening. Moreover, the independence of the slip velocity on
the channel dimension then suggests that the volumetric flow rate, which
is proportional to the channel cross-sectional area, scales as the square
of the characteristic channel dimension H?. This is a considerable advan-
tage over the H* scaling of the volumetric flow rate arising from pressure-
driven flows, which sharply diminishes with miniaturization of the channel
dimension as H decreases. Together with the benefits of on-chip electrode
integration — therefore removing the need for cumbersome fluid transfer
from large mechanical or syringe pumps onto the microfluidic device, the
elimination of mechanically moving parts, the ease of changing the flow
direction upon reversal of the electrode polarity and the constant pulse-
free fluid motion — electroosmotic pumps thus constitute a very attractive
mechanism for microfluidic actuation.

It can further be shown from simple scaling arguments that a channel
dimension H close to 1, optimizes the power efficiency of the electroosmotic
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pump (Chang and Yeo, 2010) — in larger channels, power is wasted in the
large electroneutral bulk region outside the double layer where there is no
net momentum transfer due to the absence of net charge, whereas in smaller
channels, the flow is suppressed by increased viscous dissipation. As such,
and given that the volumetric flow rate scales with cross-sectional area,
it is expedient to employ a parallel bundle of thin channels (e.g., nanop-
ores) whose dimensions are comparable to the double layer thickness — an
example being that in packed capillaries or porous silica monoliths (Chen
et al.,2005; Wang et al.,2006). For cylindrical pore geometries, and neglect-
ing the tortuosity of the pore networks, the maximum pressure that can be
developed in such pumps, taking into account the hydrodynamic load that
imposes a back pressure within a channel, can be expressed by

810
AR /L, )+ (AR /L)

Apmax = ( [34]

where O, = u,A, = nR u,is the electroosmotic flow rate of the pump com-
prising n cylindrical pores of radius R, and length L, i.e., the maximum flow
rate when there is no pressure-driven flow (Ap = 0),and A, = zR? the effec-
tive cross-sectional area of the hydrodynamic load section with radius R, and

length L, whose flow rate is specified by the Hagen-Poiseuille equation:

AR?
Q — 11y Apmax . [35]
8/[[ L[
Substituting Equation [3.4] into Equation [3.5],
A
0 =0 (1_ P )a [36]
APmax

indicating the linear relationship between the back pressure and flow rate,
and from which the efficiency of the pump can be obtained:

_Q &
Qe() Apmax

7 [3.7]

The pump becomes more efficient therefore as Ap,,,, increases, which, from
Equation [3.4], can be obtained by reducing R /R, such that Q approaches
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Q.. This is however constrained, since decreasing R, below 4, results in
overlapping double layers and hence diminishing slip velocities. The pump
operation is therefore optimal when R, ~ Ap, as suggested above, noting
from Equation [3.4] that Q.,, and hence Q, can be compensated by increas-
ing the applied field strength, although this, on the other hand, is limited by
undesirable effects of bubble generation as a consequence of the increased
current, which can cause blockage of the channel and whose large capillary
pressures could cancel out any increase in the flow rate.

The theory above, nevertheless, breaks down for nanochannels when the
channel dimension becomes comparable to the Debye length, such that an
electroneutral ohmic region in the bulk no longer exists and the entire chan-
nel consists of a polarized region due to double layer overlap. In addition,
entrance, resistive, pore neck charge storage, and electroviscous effects may
also become important in these cases (Chang and Yeo,2010). There are sev-
eral analytical models as well as molecular simulations dedicated to nano-
channel electroosmosis (see, for example, Petsev (2010) and Qiao and Aluru
(2003)); we refer the reader to these, as the subject is beyond the scope of
the present overview.

Electroosmotic mixing

Given the irrotationality of the electric field, the similarity between the
hydrodynamic streamlines and the electric field — i.e., both velocity and
electric fields are governed by the same divergence-free conditions — ren-
ders the electroosmotic flow an irrotational potential flow (hence the flat
velocity profiles observed in Fig. 3.2) in the absence of an externally applied
pressure gradient (Chang and Yeo, 2010). An unfortunate consequence of
this result, which is quite unexpected for microfluidic flows where viscous
stresses are usually dominant, is the absence of flow vortices to induce mix-
ing in the microfluidic device, which, although advantageous in minimizing
sample dispersion as discussed earlier, can be problematic given the typ-
ically low biomolecular diffusivities that result in long reaction times in
transport-limited cases. Various strategies have therefore been adopted to
increase mixing efficiency in electroosmotic flows. For example, it is possible
to revoke the field and streamline similarity by generating a back pressure
gradient in the channel through the introduction of surface charge, or bulk
pH or electrolyte concentration (and hence {-potential) gradients along the
channel (Ajdari, 1995; Herr et al., 2000; Minerick et al.,2002). Alternatively,
interfacial instabilities can be introduced in the case of two co-flowing elec-
trolytes with differences in their conductivities (Lin et al., 2004; Pan et al.,
2007), as illustrated in Fig. 3.3, although the electric fields required to drive
such transverse electrokinetic instabilities are often fairly large.
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3.3 Transient electrokinetic instability driven by the gradient in the
conductivity of two co-flowing electrolyte solutions under an applied
longitudinal electric field. (a) Experimental results and (b) numerical
simulation. (Source: Reprinted with permission from Lin et al. (2004).
Copyright 2004, American Institute of Physics.)

limit (Fig. 3.4a),1.e.,a << 4, the particle can be assumed to be a point charge
and hence double layer screening effects can be neglected. In this case, the
presence of the point charge does not influence and hence distort the field
lines, and simply translates under electromigration effects in the absence
of electrokinetic slip in the double layer around the particle. A balance
between the Coulomb force exerted by the point charge ¢ and the viscous
drag force then leads to the Hiickel equation for the electrophoretic mobil-
ity of the particle:

ep — 2_‘9;, [38]
3u

<

which is related to the electrophoretic velocity through u,, = v, E.

In the large particle size limit (Fig. 3.4b), i.e., a >> A, the double layer
screens the external field, and hence the Maxwell force only acts in the dou-
ble layer to drive an electrokinetic slip flow and not on the particle itself.
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(a) (b)

3.4 (a)The electric field lines around a particle remain undistorted
around a charged particle if its size a is small compared to the Debye
double layer thickness (a << A,). (b) On the other hand, the double layer
screens the external field when the particle size is large compared to
the double layer thickness (a >> Ap).

In this case, the Smoluchowski slip velocity in Equation [3.3] can be used
along the particle surface such that the electrophoretic velocity has the same
dependency as the electroosmotic slip velocity but with opposite sign:

u, =—2—>. [3.9]

The discrimination in the electrophoretic mobility and hence migration
velocity based on charge (more specifically, the surface charge density and
hence the (-potential) in Equations [3.8] and [3.9] provides the underly-
ing basis for electrophoretic separation technology. We note, however, the
absence of the dependence on particle size or shape (although the former is
implicit in the {-potential in the point charge theory). More common, how-
ever, is the use of gels or polymer (i.e., gel electrophoresis), which provides
a medium that acts as a molecular sieve to facilitate steric and reptation
effects, thus permitting size-based discrimination (i.e., smaller molecules
migrate more quickly in the gel compared to larger molecules with the same
electrophoretic mobility under the same electric field). More recently, a
powerful technique has been proposed as an alternative to gel electropho-
resis, in which the ends of polyelectrolyte molecules are tagged with a large
uncharged monodispersed protein or polymer that exerts a large drag on the
molecule whilst leaving its net charge intact. This technique, known as end-
labelled free-solution electrophoresis (Meagher et al.,2005), has been dem-
onstrated as a fast and efficient method for the separation of gene fragments
in DNA sequencing. Other methods for multiplex DNA sequencing using
capillary array electrophoresis in microfluidic platforms (Paegel et al.,2002),
as well as electrophoretic detection of DNA sequence variations in micro-
fluidic devices, have also been proposed — for the latter see, for example, the
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work on single nucleotide polymorphism detection using restriction frag-
ment length polymorphism (Footz et al.,2004) and single-strand conforma-
tion polymorphism (Szdntai and Guttman, 2006). The reader is also referred
to the review by Wu et al. (2008) and Yeo et al. (2011).

We note that the buffer solution also moves due to electroosmosis, and
hence the electroosmotic velocity must be taken into account. Defining an
electroosmotic mobility v, = u/E, the apparent mobility and hence the
apparent velocity of the charged particle moving through the buffer solu-
tion under combined electrophoresis and electroosmosis is simply the sum
of the electrophoretic and electroosmotic mobilities. When the charged par-
ticles have the same polarity as that of the ions in the buffer solution, the
apparent mobility therefore exceeds the electrophoretic mobility, whereas
the converse is true if the charged species has the opposite polarity to the
ions in solution. Interestingly then, the charged particles can be trapped
when the electrophoretic and electroosmotic mobilities are equal, which can
be exploited to reduce the length required for electrophoretic separation.

To date, several extensions to the above electrophoretic theories have
been proposed with more sophisticated theories to account for electrovis-
cous effects — including that for non-spherical (Chen and Koch, 1996) and
porous particles (Natraj and Chen, 2002), tangential surface conduction
(Camp and Capitano, 2005), counter-ion condensation (Chang and Yeo,
2010), as well as conducting Stern layer and convective currents effects
(Shubin et al., 1993).

3.2.4 AC electrokinetics

The use of DC electric fields is not without inherent disadvantages. High
DC field intensities can sustain large currents that cause molecular and cel-
lular degradation, and particle aggregation, as well as bubble and ion con-
tamination generation. These problems can, however, be circumvented with
the use of high frequency (>10 kHz) AC fields. The polarization mechanism
and hence flow dynamics associated with AC electrokinetics are, however,
fundamentally different from its DC or low frequency AC counterpart.
Above frequencies associated with time scales that are below the double
layer charge relaxation time scale 1,%/D = ¢/g, wherein D is the ionic diffu-
sivity and o the conductivity, there is insufficient time to polarize the double
layer. As such, AC electrokinetics utilizes the electric field itself to induce
polarization on the electrode surface in place of polarization due to the nat-
ural surface charges on the channel surface, as in DC electrokinetics (Chang
and Yeo, 2010). Correspondingly, the induced polarization is non-uniform,
given the double layer is no longer in equilibrium; as a result, the {-potential
is now field-dependent, and thus it can be seen, for example, from the slip
velocity given by Equation [3.3], that AC electrokinetic phenomena are
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non-linear. Moreover, at these high frequencies, electrochemical reactions
at the electrodes are usually absent at the RMS voltages typically employed,
and hence problems associated with bubble and ion generation are non-
existent. Further, the AC current is localized in the double layer, therefore
minimizing penetration and thus damage in molecular and cellular struc-
tures. Below, we provide only a very brief summary of this subject in the
context of AC electroosmosis; for a more in-depth discourse on non-linear
and non-equilibrium electrokinetics, the reader may wish to consult the text
by Chang and Yeo (2010). It is worth noting that it is possible to drive sim-
ilar field-induced double layer polarization using DC fields (alternatively
known as induced-charge electrokinetic phenomena (Squires and Quake,
2005), also discussed further in Chang and Yeo (2010)).

The simplest case of AC electroosmotic flow occurs due to capacitive
charging over symmetric coplanar electrodes, as illustrated in Fig. 3.5; it is
also possible that AC electroosmotic flows can be generated due to Faradaic
charging (Lastochkin et al., 2004; Ng et al., 2009), although we will refrain
from discussing this mechanism here. In one half of the AC cycle, ions in the
bulk are driven by the field towards electrodes of opposite polarity to form
a double layer whose total charge balances that on the electrodes. In the
next half cycle, the electrode polarity reverses and so does that of the dou-
ble layer on each electrode. In both cases, however, an outward tangential
Maxwell force arises, which does not reverse in direction upon reversal of
the field. This therefore gives rise to a net non-zero time-average Maxwell
stress and hence an electroosmotic slip to result in a pair of recirculating
vortices with length scales comparable to the electrode dimension. This
symmetric vortex pair, however, cancels and hence no net flow is produced.
In order to create a net global flow, it is therefore necessary to break the
vortex symmetry with the use of asymmetric electrodes or an asymmetric
field (e.g., a travelling wave) (Ajdari, 2000; Brown et al.,2000; Ramos et al.,

£LL cas  LLLL RALE

Vp cos wt -V, cos wt -V, cos wt V cos wt

3.5 Schematic of AC electroosmotic flow on symmetric coplanar
electrodes that is due to the capacitive charging mechanism. (a) and (b)
show the electric field directions, the resultant time-averaged Maxwell
force, and the corresponding flow profiles in successive AC half-cycles.
(Source: After Ben and Chang (2005).)
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2003); practical devices also include an upper surface to suppress the back
flow associated with the larger vortex. In fact, the most efficient flow can
therefore be produced with maximum asymmetry through an orthogonal
(T) electrode design given the near singular field at the tip of the vertical
section of the ‘T” (Lastochkin et al., 2004). First derived by Gonzélez et al.
(2000), the time-averaged AC electroosmotic slip on the electrode can be
shown to assume the form

Rl [3.10]

where @ is the potential in the bulk immediately adjacent to the double
layer and |V,| the RMS amplitude of the applied voltage signal; V, is a sur-
face gradient operator across each electrode. It is then apparent from this,
together with a charge balance across the double layer,

a¢ . V(J
— =jaC|DP-—— 3.11
aan ! ( 2 ) [3-11]

(where w is the applied AC frequency, C the total capacitance in the double
layer, and n the coordinate normal to the electrode surface) that the slip
velocity reaches a maximum at an optimum frequency o, associated with
the RC or double layer charging time (R being the electrolyte resistance)
D/Apd, where d is the electrode separation. Away from this optimum fre-
quency, the slip velocity decays monotonically to zero. At low frequencies
o — 0, the double layer is completely polarized and completely screens the
field such that the electrode resembles a perfect insulator; consequently,
the potential drop occurs mainly across the double layer. At high frequen-
cies w — oo, there is insufficient time to charge the double layer, and hence
the electrode resembles a constant potential surface (i.e., a perfect con-
ductor) and the potential drop occurs mainly across the bulk (Chang and
Yeo, 2010).

Squires and Bazant (2004) later extended the analysis of AC electroos-
motic flows to allow for charging on ideally polarizable surfaces other than
electrodes. In particular, they examined a conducting cylinder (e.g., a metal
wire) immersed in an electrolyte, which when subjected to a uniform field,
attracted the normal field lines, thus facilitating normal field penetration
into the double layer and giving rise to an electroosmotic slip (Fig. 3.6).
Again, the time-averaged slip velocity exhibits a maximum due to complete
screening in the low frequency limit and incomplete charging in the high
frequency limit. In any case, the resulting flow is quadrupolar as shown in
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(a) (b)

3.6 Double layer charging mechanisms of a polarizable conducting
cylinder immersed in an electrolyte solution. Field lines (a) before and
(b) after charging of the double layer. (c) Resulting electroosmotic flow
streamlines, and (d) the corresponding streamlines obtained if the net
charge on the cylinder surface is non-zero. (Source: Reprinted with
permission from Squires and Bazant (2004). Copyright 2004, American
Physical Society.)

Fig. 3.6¢c, wherein fluid is drawn along the field lines at the poles and ejected
radially at the equator.

In addition to micropumping applications, the planar converging stagna-
tion flow associated with the recirculating vortex pair in AC electroosmosis
above symmetric coplanar electrodes has also been exploited for linear par-
ticle assembly (Ben and Chang, 2005). A similar system was later used to
convect single DNA molecules in a bulk suspension and immobilize them
onto the electrode surface for subsequent stretching (Lin et al.,2005). Long-
range convective trapping of DNA has also been demonstrated using the
T-electrode design — the horizontal section of the “T” being used to sweep
particles in the bulk toward the vertical section of the ‘T’ which then funnels
the concentrated particles into a conical region (Du et al., 2008). Whilst such
long-range convective mechanisms are not extremely effective at local trap-
ping, since flow conservation renders a true stagnation point impossible, it is
possible to combine the AC electroosmotic flow with short-range forces to
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provide enhanced particle localization. Dielectrophoresis is one such short-
range mechanism, which we shall discuss next.

3.2.5 Dielectrophoresis

Upon application of an electric field, a dielectric particle suspended in a
dielectric medium acquires an interfacial charge due to the discontinuity in
the permittivity across the phases. The interfacial polarization, however, is
dependent on the orientation of the field due to the alignment of the indi-
vidual dipoles within the particle and medium with the field, which can col-
lectively be described by a single particle dipole that produces an effective
dipole moment. For a spherical particle of radius a under an external AC field
E, upon solving for the potential of the particle and the medium through an
expansion in spherical harmonics, this takes the form (Chang and Yeo, 2010)

p=3¢,femVE, [3.12]
where
&= Em
fCM = [313]
£, +2¢,

is the Clausius—Mossotti factor that describes the polarizability of the par-
ticle. In the above, V is the particle volume and

g=6-i2 [3.14]
w

is a complex permittivity in which the subscripts p and m denote particle and
medium properties, respectively. When subject to an applied AC electric field
with constant phase, this induced effective particle dipole then results in a
time-averaged force on the particle, which reads (Green and Morgan, 1999):

1T ~ 2
(F)= ?jo (p-V)Edr = 75,a° Re[ fou | V][,

[3.15]

where T denotes the period of AC forcing.
We note that the force is short range, depending on the particle dimen-
sion cubed as well as the electric field gradient. This non-uniform field is
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necessary since the net interfacial charge on both ends of the particle are of
opposite polarities but equal magnitudes; the force therefore cancels out in
a uniform field since there is no effective dipole moment. The resulting par-
ticle motion that arises from this interaction between the non-uniform field
with the induced dipole moment is therefore known as dielectrophoresis
(DEP).

The versatility of DEP manipulation arises from the reversal in the polar-
izability specified by the real part of the Clausius-Mossotti factor Re[fqy]
about a crossover frequency

_i\/(o;,,—ap)(am+20'p) (3.16]

o\ (g -&E, T E)

For frequencies at which Re[foy] > 0, particles are thus drawn toward
regions of high field intensity (positive DEP), whereas for frequencies at
which Re[f-y] < 0, particles are drawn toward regions of low field intensity
(negative DEP). The dependence of f on the particle and medium con-
ductivities and permittivities also allows the design of a DEP sorter that
endows one particle species with a positive DEP force and another with a
negative DEP force through judicious choice of a specific applied frequency
(Gagnon and Chang,2005). Multiple species, for example, can also be sorted
by different DEP mobilities, which can be estimated from a balance between
the DEP force in Equation [3.15] and the Stokes drag on the particle:

’R
vy = 2 Relfen] (3.17]

7

An integrated multiplex continuous flow microfluidic platform for filtering
debris and for sorting and trapping of colloidal beads or pathogens at a rate
of 100 particles/s is shown in Fig. 3.7 (Cheng et al.,2007). Whilst this sorting
rate is still two orders of magnitude smaller than conventional flow cytom-
etry, the technology offers the possibility for carrying out cell sorting and
identification with costs and portability that are not afforded by laboratory-
based cell sorters.

Consequently, DEP has emerged as a powerful tool for size-based dis-
crimination for microfluidic detection and sorting. Numerous applications
for DEP cell (blood cells, stem cells, neuronal cells, pathogens) sorting and
characterization, pathogen (bacterial and viral) detection, and DNA, pro-
tein and chromosomal manipulation are summarized in the excellent review
by Pethig (2010). Given the emergence of bead-based assays to enhance
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3.7 Bioparticle filtering, focusing, sorting, trapping and detection

using an integrated dielectrophoretic chip. (a) Image of the setup
comprising different bioparticle manipulation stages. (b) Image
showing the electrodes fabricated on two glass slides, giving rise

to three-dimensional effects. (c) A top view of the three different
trapping electrode configuration, comprising a flower — multiple curved
electrode, crescent — a semicircle electrode, and an arrowhead - a
pointed electrode. (Source: Reprinted with permission from Cheng

et al. (2007). Copyright 2007, American Institute of Physics.)

detection, for example, in DNA hybridization and sequencing assays (Yeo
et al.,2011), we anticipate DEP will play a major role in facilitating rapid
and precise bead identification and sorting in microfluidic devices. Already,
it has been shown that DNA concentration and the hybridized DNA con-
formation has a strong influence on the crossover frequency and the effec-
tive bead hydrodynamic radius (Gagnon et al., 2009). This was exploited
for trapping silica nanocolloids functionalized with oligonucleotides com-
plementary to specific target DNA sequences for rapid microfluidic DNA
identification in under 10 min. Beyond diagnostics and biosensing applica-
tions, DEP has also been used for isolating and positioning single cells in a
similar manner to optical tweezers but with the advantage of design sim-
plicity and significantly lower costs, primarily given that an expensive and
complex laser is not required (Menachery et al.,2011).

3.3 Acoustics

Despite its many advantages, electrokinetic actuation technology is ham-
pered by the necessity for external ancillary equipment such as signal
generators and amplifiers, which render complete miniaturization and
integration with the microfluidic chip difficult. This is further compounded
by the limitation of electrolyte solutions, which may be prohibitive in cer-
tain cases, and the requirement for high voltages in some other cases. An
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(b)
Air
SAW propagation
—

3.8 (a) A typical SAW device comprising a piezoelectric substrate on
which IDT electrodes are patterned (as shown in the enlarged inset) and
a portable battery-operated electronic circuit and power supply.

(b) Schematic depiction of the Eckart streaming generated when energy
leaks into a drop at the Rayleigh angle 6; when it is irradiated by SAWs
propagating along the underlying substrate.

alternative mechanism that has demonstrated significant promise is the use
of acoustic fields to drive microfluidic actuation, which has the ability to
generate relatively large throughput and high pressures. Whilst fairly low
voltages are required, this is however compromised by the large sizes of
the piezoelectric transducers often required to generate bulk ultrasonic
manipulation that do not facilitate easy integration and miniaturization.
Further, the large stresses that arise from the vibration, with frequencies
typically of the order of 10-100 kHz and up to 1 MHz, and, in many cases,
the accompanying cavitation that ensues, inflict considerable biomolecular
and cellular damage.

These limitations, however, can be circumvented with a technology
that has attracted considerable traction of late — the use of SAWs (Yeo
and Friend, 2009; Friend and Yeo, 2011). Since the piezoelectric substrate
required could comprise the microfluidic chip itself and as the interdigital
transducer (IDT) electrodes required to generate the SAW can be inte-
grated on the substrate, there is no need for the large transducers typically
used in conventional ultrasonic microfluidics. Moreover, it has been shown
that the ability to access high (MHz order and above) frequencies signifi-
cantly limits the amount of molecular damage caused. One further advan-
tage is the typically low powers (1 W) required to drive fluid and particle
actuation with SAWs, even to the point of fluid atomization, thereby allow-
ing the entire operation to be driven using a portable driver circuit powered
by camera batteries, which, together with the chip-scale substrate (Fig.3.8a),
potentially allows for complete miniaturization and integration into a truly
handheld and portable microfluidic device (Yeo and Friend, 2009). Here,
we briefly discuss the basic principles underlying acoustic fluid and particle
actuation, and review developments in the field to date, particularly focus-
ing on the SAW technology.
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3.3.1 Basic principles of acoustic fluid and particle
manipulation

A sound wave is the result of pressure or velocity oscillations that propagate
through a compressible medium, and can be generated through bulk or sur-
face vibration of solid materials. A convenient way to produce such vibration,
especially at small scales in microfluidic systems, is with the use of oscillating
electric fields by exploiting the electromechanical coupling afforded by pie-
zoelectric transducers or substrates. There are primarily two broad strategies
employed for acoustic particle and fluid actuation, which we describe next.

The first, generally known as acoustophoresis, exploits standing acoustic
waves set up in a resonator configuration to spatially trap and move cells.
The fundamental basis of the particle localization at pressure nodes/anti-
nodes of the standing wave, and hence the ability to carry out particle sepa-
ration, arises from a competition between the dominant forces acting on the
particle (assuming that sedimentation and buoyancy forces are negligible),
namely, the primary acoustic radiation force

F, =-kE,V, & p)sin(2kx), [3.18]
assuming a one-dimensional planar standing wave, and the drag force
F; =—-6muma [3.19]

acting on the particle of dimension a and volume V/,, in which x is the dis-
tance from a pressure node along the wave propagation axis. In the above,
k = 2xflc, is the wave number, with f denoting the applied frequency and ¢,
the sound speed in the fluid medium, E, = p?8/4 = p?/4K, = pHdp,c? the
acoustic energy density of the standing wave, with p, being the pressure
amplitude of the standing wave, f, the liquid compressibility, K, the bulk
modulus, p, the liquid density, and

5P, =2p, _ﬁ_p

= , [3.20]
20,+0 B

9

is an acoustic contrast factor in which p, and f, are the particle density and
compressibility, respectively. Particles therefore aggregate at the pressure
nodes for ¢>0 and at the antinodes for ¢#< 0.

The second exploits the fluid flow that results as the acoustic wave propa-
gates through a fluid, known as acoustic streaming (Friend and Yeo, 2011).
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Different acoustic streaming phenomena are observed to occur over a vari-
ety of length scales imposed by the system geometry. In a thin boundary
layer of fluid immediately adjacent to the vibrating surface with a character-
istic thickness defined by the viscous penetration depth (2v/w)'?2, strong vis-
cous dissipation of the acoustic wave gives rise to flow known as Schlichting
streaming (Schlichting, 1932), which is vortical in nature due to the no-slip
condition at the oscillating solid boundary; v is the kinematic viscosity and »
the frequency. At the edge of the boundary layer (also known as the Stokes
layer) over a length scale on the order of the sound wavelength in the lig-
uid A, (which, in turn, is related to the excitation frequency), a steady irro-
tational drift flow, known as Rayleigh streaming, occurs as a consequence
of the periodic recirculation in the boundary layer (Rayleigh, 1884; Manor
et al.,2012). Over longer length scales >> 4,, the viscous dissipation of the
acoustic radiation due to absorption in the fluid, whose pressure and velocity
fluctuations gives rise to a time-averaged particle displacement and hence
steady momentum flux (i.e., Reynolds stress), which is non-zero despite
the harmonic oscillation due to the non-linear effects arising from viscous
attenuation of the wave (Lighthill, 1978); the resultant flow being known
as Eckart streaming (Eckart, 1948). It is not uncommon for a combination
or all of the various streaming phenomena to exist together in a system,
although one particular mechanism typically dominates, contingent on the
system geometry. This is reflected in the flow phenomena observed, which
can be remarkably distinct depending on the particular streaming mecha-
nism that gives rise to them (Rezk et al.,2012a).

3.3.2 Bulk ultrasonic vibration

The majority of the early work on acoustically-driven microfluidic actu-
ation was focused on the use of bulk ultrasonic transducers. These typically
consisted of thin plates or membranes comprising a piezoelectric ceramic
along which flexural waves (i.e., asymmetric Lamb waves) were generated,
the plate/membrane thickness being a fraction of the wavelength of the flex-
ural wave. For example, Moroney et al. (1991) and Meng et al. (2000) coated
silicon nitride onto a ground plate, followed by the deposition of a thin zinc
oxide layer and subsequently the aluminium interdigital electrodes. The
bulk vibration that ensued then drove acoustic streaming, which due to
the large attenuation length for the 1 MHz order employed, extended over
a long range, typically a few centimetres from the membrane (Luginbuhl
et al., 1997); as such, the device can also be used for mixing applications
(Yaralioglu et al.,2004). Nevertheless, these flexural wave pumps are not as
efficient compared to the SAW fluid actuation which we discuss in the next
section, with larger powers required, and one to two orders of magnitude
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lower in the velocity (typically up to 100 um/s) that can be produced, even
when focusing electrodes are employed (Meng et al.,2000).

In a similar manner, it is also possible to exploit substrate vibration to
depin contact lines, and to drive droplet motion in open microfluidic plat-
forms. In the former, a contact line hysteresis condition for a drop subject to
vibration was derived in which the depinning was dependent on the vibra-
tional acceleration (Noblin et al., 2004); in other work, the drop could be
shown to spread under 1 MHz order piston-like thickness mode vibration
of the underlying substrate, which induced a boundary layer streaming flow
that endowed an additional surface force at the contact line (Manor et al.,
2011). In the latter, a flexurally vibrating beam was employed by Alzuaga
et al. (2005) on which different modes were excited in order to translate the
drop between nodal locations.

Ultrasound-induced bubble oscillation can also be exploited to induce
oscillatory flows, particularly useful for micromixing, or to facilitate nucleic
acid transfection across cell membranes (i.e., sonoporation), even to the
point of cell lysis (Ohl et al.,2006). In these cases, the bubbles are sonicated
at resonance (typically kHz order) to induce a strong flow known as cavita-
tional microstreaming that arises as the sound energy is dissipated due to the
fluid viscosity in a boundary layer surrounding the bubble (Nyborg, 1958).
Pumping flows of around several mm/s can be achieved, for example, with
multiple bubbles housed in a cavity array, and can be used to drive micro-
mixing (Tovar and Lee 2009) or even cell sorting (Patel et al., 2012). More
examples of the use of bubble oscillation in microfluidics can be found in
the review by Hashmi et al. (2012). Whilst relatively fast flows with reason-
able throughput on the order of 100 pL/min and efficient mixing can be
generated using bubble-based microfluidic actuators, difficulties associated
with generating, trapping and maintaining the stability of bubbles is a com-
mon problem that has yet to be adequately resolved, in addition to limita-
tions arising from molecular/cell lysis due to cavitational damage that can
be undesirable in bioapplications other than gene transfection.

Much more progress has been observed on the acoustophoretic front, on
the other hand, in which ultrasonic standing waves are employed to focus
particles onto nodal lines for cell sorting (Harris et al., 2005), colloidal fil-
tering (Hawkes and Coakley, 2001) or particle switching (Manneberg et al.,
2009) applications. Particles can also be separated based on size by exploiting
the discrepancy in the size scaling between Equations [3.18] and [3.19] and
hence the dependence of the particle migration time on the particle dimen-
sion (larger particles aggregate more quickly compared to smaller ones);
such fractionation is more specifically known as free-flow acoustophoresis
when conducted in a continuous flow system with the particles being driven
orthogonally to the flow. Other design variations have also been investi-
gated, for example flow splitting (Johnson and Feke, 1995) and frequency
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switching (Liu and Lim, 2011). Two vastly different particle species can
also be separated given that the acoustic radiation force switches directions
between positive and negative contrast factors in Equation [3.20] — a prop-
erty that was exploited for separating lipids from red blood cells (Petersson
etal.,2004). The reader is referred to Laurell et al. (2007) for a more detailed
discussion on acoustophoresis and its applications.

3.3.3 Surface acoustic waves (SAW)

Nanometre amplitude surface vibrations on a substrate in the form of
Rayleigh waves offer an attractive and arguably superior alternative for
microfluidic actuation compared to bulk ultrasound. The energy localization
of these SAWs on the substrate and their efficient coupling into the fluid
allows fluid actuation to be carried out with significantly lower dispersive
losses, and hence the power requirement to drive comparable fluid actuation
to that generated by bulk acoustics is significantly less, by one to two orders of
magnitude, therefore offering the possibility for battery-powered operation,
which, together with the chip-scale SAW device in Fig. 3.8a, enables attrac-
tive miniaturization possibilities (Yeo and Friend, 2009). Further, the low
powers, together with the higher frequencies accessible with the SAWs, 10
MHz and above, have been found to suppress shear or cavitation damage on
molecules (Qi et al.,2010), thus making them attractive for bioapplications.

The SAW can be generated on a piezoelectric substrate by applying a
sinusoidal electrical signal to IDT electrodes patterned on the substrate,
whose finger width d determines the frequency f of the SAW and hence its
wavelength Agaws 1.€., f = ¢/4d = c/2gaw- As illustrated in Fig. 3.8b, the cou-
pling of acoustic energy into the fluid to drive Eckart streaming (Section
3.3.1) then arises from the diffraction of the SAW front in the presence of
the fluid, which leads to leakage of the energy into the fluid at the Rayleigh
angle, defined as the ratio between the sound speed of the Rayleigh wave
on the substrate c, to the speed of sound in the fluid ¢, i.e., O = sin! (c/c)).
In addition to the recirculation within the fluid, the acoustic radiation pres-
sure also imparts a force at the interface, that together with the momentum
transfer to the interface due to Eckart streaming, imparts a body force on
the drop whose horizontal component causes it to translate in the direc-
tion of the SAW. Similarly, the elliptical retrograde motion of solid elements
on the substrate as the SAW traverses underneath the drop also induces
Schlichting and Rayleigh streaming, which has been shown to pull out a
thin front-running wetting film in the opposite direction to that of the SAW
propagation (Manor et al., 2012; Rezk et al., 2012a). In the same way that
ultrasonic standing waves and acoustic streaming can be exploited to drive
microscale fluid actuation and particle manipulation, we provide a short
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discussion of the use of SAWs for this purpose and their associated applica-
tions. For a more detailed discussion on SAW microfluidics, see, for example,
Friend and Yeo (2011).

SAW particle manipulation

Acoustophoretic manipulation can also be carried out using standing SAWs
in a similar manner to bulk ultrasonic standing waves (Section 3.3.2). The
standing wave, in the SAW devices, however, arises when diffraction of the
SAW from the substrate into the liquid (Fig. 3.8b) generates sound waves
in the liquid bulk that reflects off the walls of the microchannel (often fab-
ricated from polydimethylsiloxane (PDMS) and placed on top of the SAW
substrate). Depending on the channel dimension and the sound wavelength
in the fluid, the particles then aggregate along one or more pressure nodal
(or antinodal) lines along the channel. Conventionally, the IDTs are placed
perpendicular to the channel and hence flow direction (Shi et al., 2008) to
achieve linear focusing and subsequent separation/sorting, for example, by
size, compressibility or density (Nam ef al.,2012). In addition, the IDTs can
also be arranged orthogonally at two lateral sides of a square chamber to
obtain two-dimensional patterning (Shi et al.,2009). A discussion on the use
of these devices as ‘acoustic tweezers’ for cell manipulation is given by Lin
etal. (2012).

In addition, the nodal and hence particle positions can also be shifted
along the axis of the standing wave by shifting the relative phase between
the input IDT signal (Meng et al., 2011; Orloff et al.,2011). Particle align-
ment and sorting can also be carried out using IDTs placed at the ends of
the channel such that the SAW propagates along the channel axis (Tan et al.,
2009a). One advantage of this configuration is the ability to alter between
fluid pumping and particle focusing simply by switching the frequency from
the fundamental mode to a higher harmonic (Tan ef al.,2010).

SAW fluid actuation and manipulation

SAW particle aggregation, trapping, patterning and separation is typically
carried out at low input powers, considerably below 1 W, where the SAW
displacement amplitude and velocity are relatively small, on the order of
0.1 nm and 0.01 m/s, respectively, such that the streaming is weak in order
to avoid dispersion of the particles. At these low powers, other particle pat-
terning phenomena are also observed, for example, those that form on the
nodes or antinodes of capillary waves induced on the free surface of drops
vibrated by the SAW excitation (Li ef al.,2008).

At moderate power levels (approximately up to 1 W), it is possible to dis-
pense and transport drops (Renaudin et al.,2006). For example, sessile drops
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can be translated on the substrate when the acoustic radiation pressure and
acoustic streaming results are sufficient to impart momentum transfer to the
interface to overcome the pinning of the contact line (Brunet et al., 2010).
This was shown for a variety of applications in open microfluidic systems
such as polymerase chain reactions (Wixforth et al., 2004), bioparticle sam-
pling, collection and concentration (Tan et al., 2007), scaffold cell seeding
(Li et al., 2007a), and protein unfolding (Schneider et al., 2007). In addi-
tion, SAW droplet manipulation, such as mixing and particle concentration
as well as sensing, has also been combined with electrowetting to enhance
drop manipulation operations such as drop positioning and splitting (Li
etal.,2012).

At these powers, the SAW can also be used to drive strong convective
flows both within the drop and in channels. For example, it is possible to
break the planar symmetry of the SAW to drive azimuthal recirculation in
a drop or a microfluidic chamber to generate a rapid microcentrifugation
effect (Li et al., 2007b; Shilton et al., 2008). This was used for example for
inducing rapid and chaotic mixing (Shilton et al., 2011) (Fig. 3.9a), which
can be used to enhance chemical and biochemical reactions (Kulkarni et al.,
2009, 2010), or for particle concentration/separation (Fig. 3.9b). It is also
possible to sort two particle species based on size in this microcentrifuga-
tion flow by exploiting the discrepancy in the scaling between the acous-
tic radiation force and the drag force exerted on the particle (Equations
[3.18] and [3.20]): from a balance between these two forces, it is then possi-
ble to derive a frequency-dependent crossover particle size (which, in cer-
tain respects, is an analogue to the dielectrophoretic crossover frequency
in Equation [3.15]) below which the drag force dominates to drive smaller
particles to the centre of the drop and above which the acoustic force dom-
inates to drive larger particles to the periphery (Fig. 3.9c) (Rogers et al.,
2010). Finally, the drop rotation can also be used to spin 100 um-10 mm thin
SU-8 discs on which microfluidic channels and chambers can be patterned,
as a miniaturized counterpart to the Lab-on-a-CD (Madou et al., 2006) for
centrifugal microfluidic operations; unlike the Lab-on-a-CD, however, the
SAW miniaturized Lab-on-a-Disc (miniLOAD) platform does not require
a laboratory bench-scale motor, as the SAW can be driven using a porta-
ble driver circuit (Fig. 3.8a), therefore constituting a completely handheld
microfluidic platform (Fig. 3.10) (Glass et al.,2012).

SAW streaming has been demonstrated for fluid actuation in PDMS
channels placed atop the substrate (Masini et al.,2010), in channels ablated
into the SAW substrate (Tan et al., 2009a), and even on paper (Rezk et al.,
2012b). In addition, it was also shown that the SAW can be used to deflect
the interfaces of co-flowing streams for directing emulsion droplets (Franke
et al.,2009) and sorting cells (Franke et al.,2010). Whilst the body of earlier
work was carried out in open microchannels, which have severe limitations
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3.9 (a) The images in the top row show mixing of a dye due to pure
diffusion without the action of the SAW, whereas the images in the
bottom row show effective mixing under chaotic flow conditions
driven by the SAW with an input power of ~1W. (Source: After Shilton
et al. (2011).) (b) Concentration of particles in a 0.5 uL drop via drop
rotation induced by acoustic radiation due to the SAW. (Source:

After Shilton et al. (2008).) (c)—(e) Separation of pollen and synthetic
particles. (Source: After Rogers et al. (2010).) (c) Prior to the application
of the SAW, the pollen and synthetic particles were suspended
homogeneously throughout the entire quiescent drop. (d) After 3 s of
applying the SAW, the pollen particles appear to concentrate in the
centre of the drop and are hence separated from the synthetic particles,
which tend to concentrate along the periphery of the drop. (e) The two
species remain separated even after removal of the SAW and when the
drop is fully evaporated after 1 min.

due to evaporation and possible contamination, recent work has focused
on fluid actuation in a closed PDMS microchannel loop (Schmid et al.,
2012) although the efficiency of the pump remained modest as a conse-
quence of the strong absorption of the acoustic energy by the PDMS chan-
nel placed atop the SAW substrate. A way to circumvent this limitation
was proposed by Langelier ef al. (2012), in which a glass superstrate hous-
ing the microchannel was directly bonded to the SAW substrate using UV
epoxy; alternatively, an SU-8 glue layer can also be used (Johanssen et al.,
2012). Importantly, it was shown that the SAW is retained at the interface
between the substrate and superstrate. This is in contrast to previous uses of
a superstrate, first proposed by Hodgson et al. (2009), in which a fluid layer
between the SAW substrate and the superstrate was employed to couple the

© Woodhead Publishing Limited, 2013



Actuation mechanisms for microfluidic biomedical devices 127

Patterned dlsc :Fluld coupling layer

SAW L|th|um niobate

%00
TS

3.10 (a) Image and (b) schematic depiction of the miniLOAD platform
comprising a 10 mm diameter SU-8 disc on which microchannels
with a variety of designs ((c)-(e)) are fabricated to demonstrate
capillary valving, micromixing and particle concentration/separation
on a miniaturized centrifugal platform.The disc rotation is driven by
coupling an asymmetric pair of SAWs into the fluid underneath the
disc. (Source: Reprinted with permission from Glass et al. (2012).
Copyright 2012, Wiley.)

acoustic energy into the latter, resulting in a Lamb wave on the superstrate.
Nevertheless, it was shown, that it is possible to achieve similar fluid actu-
ation and particle manipulation on the superstrate through Lamb wave exci-
tation, albeit at a cost of considerably lower efficiency. Regardless, the use
of a superstrate remains attractive since the microfluidic operations can be
carried out in conventional silicon-based materials, which are considerably
cheaper, thus allowing the option of disposability. Bourquin et al. (2010)
later showed that it was possible to pattern periodic arrays of holes or posts
in the superstrate to form a phononic crystal lattice that acted as a bandgap
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to drive similar azimuthal recirculation to that discussed for a drop above,
or to filter, scatter, reflect or focus the Lamb wave. This was employed for
the development of a biosensor platform for the concentration of beads
labelled with antibodies onto surface sites for subsequent binding and fluo-
rescent detection (Bourquin et al.,2011).

At higher power, above 1 W, it is possible to drive sufficient interfacial
deformation of a film or a drop to extrude fluid jets (Tan et al., 2009b;
Bhattacharjee et al., 2011) or to drive atomization (Qi et al., 2008). Given
that a monodispersed distribution of 1-10 um aerosol droplets can be
formed in the latter without requiring nozzles or orifices, the latter is par-
ticularly useful for pulmonary drug delivery (Qi et al., 2009), especially the
next generation of therapeutic agents such as DNA, peptides and proteins,
in a miniaturized portable platform for point-of-care therapeutics and per-
sonalized medicine. A significant advantage of the SAW pulmonary delivery
platform over conventional nebulizers is the ability to preserve the viability
of the drug, particularly shear-sensitive molecules such as DNA and pep-
tides. In addition to drug delivery, the SAW atomization platform has been
shown to be an efficient ionization source for microfluidic mass spectrometry
interfacing (Heron et al.,2010; Ho et al.,2011). The atomization of polymer
solutions using the SAW is also a rapid technique for template-free polymer
patterning for microarray applications (Alvarez ef al.,2008a) as well as for
synthesizing 100 nm dimension protein and polymer nanoparticles (Alvarez
et al., 2008b; Friend et al., 2008) within which drugs can be encapsulated
(Alvarez et al.,2009). This was more recently extended to synthesize nano-
capsules of complementary polyelectrolyte layers for DNA encapsulation,
as an example of tunable controlled release delivery (Qi et al.,2011).

3.4 Limitations and future trends

Microscale and nanoscale fluid actuation and particle manipulation com-
prises the underpinning technology which enables a revolutionary field that
could potentially provide innovative solutions for chemical and biologi-
cal applications by performing tasks much faster, cheaper, with consider-
ably less reagent volume, and ideally more easily — tasks that include DNA
amplification by polymerase chain reaction, chemical synthesis, proteomics,
and point-of-care diagnostics, among others (Robinson and Dittrich, 2013).
Yet, the primary limitation that besets this enabling technology is at pre-
sent posing a severe bottleneck in the development of true integrated and
miniaturized devices for these applications: the inability to scale down and
incorporate compact and efficient fluid actuation and particle manipulation
with the rest of the microfluidic operations on the chip device. Whilst bench-
scale capillary pumps and ancillary equipment such as amplifiers, signal gen-
erators, lasers, transducers and motors are adequate in driving reasonably
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fast and efficient fluid actuation in a microfluidic chip for demonstrative
purposes, such large and cumbersome components, and the difficulties of
incorporating them on the chip, are impracticable when true portable func-
tionality — the underlying motivation for adopting microfluidics in many
applications — is desired.

Beyond miniaturization, another considerable challenge that has yet to be
overcome is actuation efficiency. At present, the best fluidic actuation tech-
nologies that can be incorporated onto a chip, although not without their
own challenges, are not comparable with their macroscopic counterparts
in terms of efficiency. Electrokinetic and acoustic pumps, for example, have
the ability to generate fast flow rates, but cannot match capillary pumps
as far as the pressures that can be generated are concerned. Particle and
cell manipulation schemes have sorting efficiencies and throughputs that
are well below those achievable with conventional fluorescent activated cell
sorting (FACS) technology, often by over two to three orders of magnitude.
Further, long term reliability of microfluidic actuation technology has yet to
be demonstrated. Another challenge that has yet to be widely addressed is
chip automation and control — without which the device would be inoper-
able by an untrained user, thus defeating the goal of the ‘Lab on a Chip’ for
point-of-care use and rendering the device closer in concept to a ‘Chip-in-
a-Lab’

With continued advances in the research and development in microscale
fluid actuation, we nevertheless believe that these challenges can be over-
come. It is our opinion, however, that the solution may not necessarily lie
with a single technology, but rather by combining several complementary
technologies such that the limitations of a particular technology may be
overcome with the strengths of another. An example of such that has already
been demonstrated is the combination of fast, long-range electroosmotic
convection and precise, short-range trapping offered by DEP. We anticipate
further technology combinations in the future, especially cross-platform
technologies such as the integration of acoustofluidics and electrokinetics.

Nanoscale actuation is another exciting area in which we foresee further
growth given the promise for nanofluidic platforms (Mukhopadhyay, 2006;
Napoli et al., 2010; Piruska et al., 2010), in particular for single molecule
manipulation and sensing. Considerable work has been undertaken to date
to elucidate mechanisms that govern nanoscale transport (Rauscher and
Dietrich, 2008; Schoch et al., 2008; Chang and Yossifon, 2009; Sparreboom
et al.,2009; Zhou et al.,2011) and we anticipate their widespread translation
into practical technology in the near future. Nanofluidic actuation, never-
theless, faces similar, if not more challenging, hurdles to those encountered
by its microfluidic counterpart, most importantly in practical device inte-
gration, given the additional complication of dealing with the micro/nano
interface.
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Abstract: Droplet-based digital microfluidics is a topic with growing
relevance to biological, chemical, and health-science fields. The

high precision and excellent reagent economy of such systems are
unparalleled. There are, however, fundamental challenges related

to actuation and sensing in terms of system scalability, and these
challenges are addressed within this chapter. In particular, a new digital
microfluidics multiplexer is shown to overcome contemporary on-chip
microdrop motion addressability issues and eliminate droplet interference
challenges. At the same time, an integrated folded-cavity optical sensor
provides highly localized and sensitive probing of internal fluid refractive
indices. The complete system offers improved microdrop motion and
sensing capabilities for future lab-on-a-chip technologies.

Key words: biomedical applications, digital microfluidics, lab-on-a-chip,
optical sensing.

4.1 Introduction

Microfluidic devices have received much attention in recent years (Au
et al.,2011) and offer important practical advantages for laboratory anal-
yses. Enhanced portability, improved sensitivity, high throughput, and sig-
nificantly reduced power consumption are some of the many advantages of
these microfluidic devices when controlling fluids down to a picoliter volu-
metric level. This intricate microfluidic control has supported general bio-
technological processing in pharmaceutical (Welch et al.,2006) and clinical
(Li et al.,2010) settings. The demand for such microfluidic systems has been
even greater, however, in biomedical research settings, with numerous tech-
nologies now benefiting from the superior analytical capabilities of micro-
fluidics — including, for example, enzymatic analyses (Miyazaki et al., 2008),
DNA analyses (Humphreys et al., 2009), proteomics (Lee et al., 2009), and
even bio-analytical mass spectrometry (Figeys et al., 1998). At the core of all
of these applications lie two fundamental microfluidic operations, microdrop
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motion and sensing, and the further development of microfluidic systems
must carefully consider the scalability of these important microdrop motion
and sensing processes.

The contemporary approach for microfluidic microdrop motion makes
use of continuous-flow architectures with in-line, one-dimensional (1-D)
flow channels. The simplicity of these 1-D fluid flow systems supports stan-
dard device fabrication through wet-etching and micromilling processes
(Becker and Locascio, 2002). The capabilities of these 1-D microfluidic
devices have been tremendous, and perhaps the greatest results have been
witnessed for fluid control applications demanding filtering (Zhu et al.,
2004) and/or mixing (Wiggins and Ottino, 2004). A fundamental challenge
does become apparent, however, from the practical use of 1-D flow channels.
Fluid flow through the constrained 1-D flow channels is prone to clogs and
blockages, and such failures can be catastrophic to operation. Permanent
1-D flow architectures offer few opportunities to reroute or adapt by way of
reconfigurability or fault control.

If one wishes to introduce increased fluid control, a natural extension
would involve the use of a two-dimensional (2-D) microfluidic architecture.
Microdrop motion in a 2-D plane offers greater possibilities for adaptations
via a real-time fault control, as well as increased opportunities for paral-
lel on-chip microdrop mixing/splitting algorithms in bio/chemical reactors.
It is with this 2-D vision in mind that the field of digital microfluidics has
emerged (Fair, 2007). A digital microfluidic architecture employs a general-
ized microdrop motion platform with the potential for microdrop motion in
a 2-D plane. (This digital microfluidics technology should not be confused
with continuous-flow microfluidic systems with submerged microdrops
being carried in a 1-D flow channel (Huebner et al.,2008; Song et al.,2006).)
In digital microfluidics, microdrop motion is not pressure-based, thus it is
not necessary to restrict motion to 1-D flow channels. Instead, microdrop
motion is achieved by localized voltage signals throughout the 2-D plane.
User-controlled voltage distributions are applied to carry out fluid process-
ing tasks with adaptations provided by way of voltage signals. Real-time
adaptations can therefore come about for path planning and fault control
(in stark contrast to the 1-D constraints of continuous-flow microfluidic sys-
tems). Such reconfigurable operation can be carried out with especially low
fluid volumes and high sensitivities. Moreover, the 2-D format of this gen-
eralized digital architecture can be adapted via voltage-control software for
highly-parallel operation, with reaction-based microdrop mixing, splitting,
routing, etc. being carried out simultaneously at multiple on-chip locations.
Such digital microfluidic implementations are now being applied to immu-
noassays (Alphonsus ef al., 2010), DNA ligations (which are very sensitive
to reagent economy) (Liu et al.,2008), and DNA pyrosequencing (Fair et al.,
2007). The low fluid volumes, high sensitivities, and parallel operation of

© Woodhead Publishing Limited, 2013



Digital microfluidics technologies for biomedical devices 141

2-D digital microfluidic systems can together meet growing demands for
high throughput on-chip analyses. At the same time, the need to work with
larger fluid volumes can be met with digital microfluidic microdrop gener-
ation/extraction from adjacent on-chip reservoirs. Details for such splitting
algorithms can be found in Cho et al. (2003), Elvira et al. (2012), and Ren
et al. (2004).

A primary issue in any 2-D digital microfluidics design is microdrop
motion scalability. Microdrop motion is dynamic and demands appro-
priate time synchronization and voltage localization from many system
inputs to induce interfacial surface tension changes and microdrop motion
(Dolatabadi et al., 2006). This is especially challenging in devices that are
being scaled for use with increasing numbers of system inputs and finer and
finer spatial resolutions. The contemporary approach for digital microfluidic
microdrop motion has used a voltage-activated 2-D square electrode grid
with M rows and N columns, but such a structure becomes grossly impracti-
cal for highly-parallel operation (requiring a tremendous number, M x N, of
independent input electrical address lines to control all M x N square elec-
trode grid locations). For this reason, such structures have been restricted to
grid sizes on the order of 5 x 5 grid (Davids et al.,2006). With these electrical
addressability issues in mind, our work on digital microfluidic multiplex-
ing has eased these electrical addressability and control constraints (Collier
et al.,2011) and is introduced in this work as a bi-layered electrode struc-
ture with upper row and lower column electrodes. Differential voltages, with
values biased about the microdrop motion threshold voltage, are shown to
establish microdrop motion at all M x N gridpoints with only M + N electri-
cal inputs. This technique overcomes the ubiquitous microdrop interference
effect (Xu and Chakrabarty, 2008) and operates at an input voltage, 0.64
Vs (root-mean-squared volts) (Nichols et al.,2012), that is well within the 5
V maximum for future CMOS/TTL lab-on-a-chip systems (Li et al.,2008).

A second issue in 2-D digital microfluidics relates to fluid sensing scal-
ability. Fluid sampling sensitivity is diminished when devices trend toward
smaller scales with lower reagent volumes. Signal levels associated with
standard optical imaging (Madou and Cubicciotti, 2003) and capacitance
sensing (Ahmadi et al.,2010) scale down proportionally with the sampling
area, and the associated on-chip analyses can have unacceptably low signal
levels. With this in mind, it is desired to improve the sensing abilities of the
localized sampling elements being integrated on the smaller and smaller
dimensions of emerging digital microfluidics devices. A new concept for on-
chip sensing is demonstrated in this work by way of a folded-cavity optical
refractometry. An overhead microlens is integrated into the aforementioned
digital microfluidic multiplexer to form a folded cavity with an especially
sensitive relationship to internal fluid refractive indices. It is shown that the
microoptical architecture can be tailored for on-chip optical sensing over
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wide refractive index ranges with user-controlled sensitivities. The on-chip
sensing technique is ultimately shown to facilitate effective fluid sensing for
integration with future generations of digital microfluidic devices.

4.2 On-chip microdrop motion techniques

Digital microfluidic devices are often implemented as microdrop-based sys-
tems. Such systems use applied voltages to draw microdrops to prescribed
locations across the chip. There are multiple implementations to bring about
this microdrop motion and the generalized architectures are introduced
here. The digital microfluidic multiplexer architecture is shown to be advan-
tageous for microdrop motion scalability, and its relevant theory, fabrica-
tion, and results are presented in the following subsections.

4.2.1 Architectures

The greatest degree of freedom for on-chip microdrop motion can be
achieved by implementing microdrop motion with a 2-D square electrode
grid (Davids et al., 2006). A voltage applied to an activated electrode in
the M x N grid creates a localized electric field that attracts neighboring
microdrops through an energy minimization process. The advantage of this
2-D square electrode grid is its simplicity — the M x N grid electrodes are
activated by M x N independent voltage inputs for complete control of
microdrops across the 2-D plane. The use of independent inputs for each
grid location can, however, become a practical limitation. Large-scale M x
N gridpoints, beyond roughly a 5 x 5 grid (Davids et al.,2006), are difficult to
implement in the on-chip 2-D plane without resorting to complex via-holes
for out-of-plane access points. Each square electrode requires an individual
electrical address line to be patterned onto the plane of the chip, without it
crossing other electrodes or lines. The scalability challenges in such highly-
parallel M x N gridpoints, with increasingly small electrode dimensions, can
become unwieldy or even impossible.

The generalized square electrode grid architecture is shown in Fig. 4.1a,
with two microdrops present on the 16 x 16 grid. If a user desires to move
microdrop 1, but not microdrop 2, a sufficiently high voltage, V,, can be
applied to the address line for the electrode adjacent to microdrop 1. In
Fig. 4.1a, this is shown with the darkened electrode. The voltage creates a
strong electric field at this location to modify the local solid-liquid surface
tension (Dolatabadi et al.,2006) and ultimately pull the microdrop over the
activated electrode. By carrying out this voltage-activation process through
sequence of steps, multiple microdrops can be moved to various locations
across the chip without interfering with adjacent and stationary microdrops.
For the structure shown, 256 input signals must be routed throughout the
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4.1 Digital microfluidic architectures are shown. In (a), the square
electrode grid has a voltage applied to the left of microdrop1 (i = 60
electrode), and microdrop 1 is actuated while microdrop 2 is stationary.
In (b), the cross-referenced grid has an above-threshold voltage

(Vo >> V,,) applied to the left of microdrops 1 and 2, and both
microdrops actuate to the left. In (c), the multiplexer uses a voltage
that is both smaller than the threshold voltage and larger than half the
threshold voltage (V,/2 < V;, < V), and only microdrop 1 actuates to the
left.

(Continued)

square electrode grid, and the required address lines for this can make the
system design particularly challenging.

Given the above 2-D square electrode grid challenges, an interesting
addressing solution has been demonstrated by way of the cross-referenced
grid (Xu and Chakrabarty, 2008). The cross-referenced grid uses a bi-layered
structure with voltages applied to perpendicular upper row and lower col-
umn linear electrodes. The beauty of such an implementation lies in the fact
that each linear electrode acts as both the actuating electrode and its own
address line. This dual-purpose allows the number of electrode inputs to be
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4.1 Continued

greatly reduced: only M + N inputs are needed for actuating microdrops
across the M x N grid. The cross-referenced grid does have a fundamen-
tal challenge, however, when used with multiple microdrops. When the
desired actuating microdrop shares a row or column with neighboring
microdrops, electrical activation of the row or column results in motion of
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all the microdrops. This challenge is known as microdrop interference (Xu
and Chakrabarty, 2008). Xiao et al. have proposed interesting solutions to
this challenge by way of a microdrop router (Xiao and Young, 2010a) and
Integer Linear Programming (Xiao and Young, 2010b). In addition, Xu and
Chakrabarty (2008) have presented a microdrop mapping scheme according
to the clique-partitioning graph theory problem. However, such techniques
offer only algorithmic solutions to microdrop interference and undoubtedly
increase the complexity of microdrop motion sequences of large-scale M x
N grids with many microdrops being present.

The generalized cross-referenced structure is shown in Fig. 4.1b.
Horizontal upper row electrodes are indexed with i, while vertical column
electrodes are indexed with j. These electrodes are patterned onto the chip
as upper and lower planes. In Fig. .1b, microdrop 1 is situated at i =4, = 13,
while microdrop 2 is situated at i = 8, j = 13. Voltage activation is applied to
the j = 12 column electrode, pulling both microdrop 1 and microdrop 2 to
the left. Note that it is not possible to actuate microdrop 1 while keeping
microdrop 2 stationary because of microdrop interference. Clearly, an alter-
native microdrop motion architecture is needed for systems operating with
multiple microdrops.

Given the successes and challenges of the aforementioned microdrop
motion techniques, the following work introduces a digital microfluidic mul-
tiplexer. Our previous work (Collier et al.,2011) has shown that the digital
microfluidic multiplexer can provide complete and independent microdrop
motion across a M x N grid along with the reduced M + N input complex-
ity of the cross-referenced structure. The multiplexer makes use of the non-
linear relationship between microdrop motion and the applied voltage, by
way of a well-defined microdrop motion threshold voltage (Renaudot et al.,
2011). The desired microdrop motion is brought about by the doubling
of a differential voltage that appears between overlapped upper row and
lower column electrodes having opposite voltage polarities. The system is
biased such that only the doubled voltage in the overlapping region over-
comes the microdrop motion threshold voltage to initiate microdrop motion.
Neighboring microdrops experience voltages that are lower than the thresh-
old voltage and do not undergo microdrop motion — thereby eliminating the
microdrop interference challenge. Given a practical limit of 10 um microdrop
diameters and similarly sized electrode widths, one would expect that such
a multiplexing technique can ultimately be scaled for use with 1000 + 1000
input lines controlling motion at 1000 x 1000 gridpoints in a 1 cm? chip.

The digital microfluidic multiplexer uses the same physical structure as
the cross-referenced grid, but there are two important design differences in
its operation: (i) the multiplexer operates in a nonlinear microdrop motion
regime biased about a threshold voltage, and (ii) the multiplexer is driven by
a bipolar voltage AC waveform having both positive and negative polarities.
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Such a structure is shown in Fig. 4.1c. The microdrop motion is achieved
using two voltage waveforms. A voltage of +V/, is applied on the i = 4 upper
row electrode while -V, is applied on the j = 12 lower column electrode,
where the positive value V| is defined as the actuating voltage amplitude.
A voltage difference of V, is created between upper and lower plates in
all regions along the row and column electrodes except for the overlapped
region, where the voltage difference is 2V,. By noting the threshold volt-
age, V, needed for microdrop motion, this localized 2V, can be leveraged
by selecting V,, to be within the range V,/2 < V, < V,,. Thus, microdrop
motion only occurs within the overlapped region. Figure 4.1c shows that
only microdrop 1 moves to the left while microdrop 2 remains stationary.
Such a digital microfluidic multiplexer has only M + N inputs but ultimately
allows complete M x N microdrop control.

4.2.2 Multiplexer theory

To gain a thorough understanding on the digital microfluidic multiplexer
implementation, it is necessary to establish the relationship between row
and column input applied voltages and the desired 2-D microdrop motion.
In this work, the ith upper row electrode receives an actuating voltage ampli-

tude of V|, and the state is represented by the row voltage matrix [V,,,,]. The
spatial voltage distribution (normalized to V) is
00 0 0O 0
oo 0
[Vm ] 00 000 0
o111 111 1. [4.1]
Vo 00000 0
00000 - 0

The shown values of ‘1’ along the ith row signify positive voltage activa-
tion. Similarly, the jth lower column electrode receives an actuating voltage
amplitude of —V, and its state is represented by the column voltage matrix
[Veonmn,]- The spatial voltage distribution (normalized to —V,) is

0 010 -0
0 010 -0
[I/columnf]o 0100

tEa—o 010 -0 [4.2]
Vs 0 010 -0
0 010 -0
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The shown values of ‘1’ along the jth column signify negative voltage
activation.

The motion that results from the input states of Equations [4.1] and [4.2]
manifests itself through a surface-tension change — denoted here as the
matrix [Ay,]. There are two distinct forms for the surface-tension change
in relation to input voltages. The first form for the surface-tension change
and microdrop motion corresponds to a linear system, without a microdrop
motion threshold. Surface-tension changes result from the existence of a
nonzero value for either [V,,,i]/V, or [Veoumns/ ]/ V- This ‘or’ condition is criti-
cal to the device input—output characteristic and is represented here by the
Boolean operator v in the resulting surface-tension change:

00000 - 0][0-010 -0
- 0] |0 010 -0
[I/mw i :| [I/column j ] 0 0 0 0 0 0 0 0 1 0 . 0
[Aay, )=ty A1 1111 - 1fvlo - 010 - 0
4 s 0000GO0-0/]0 - -010-:0
00000 0[]0 --010- 0

0 - 010 -0

0 -010 -0

=[1 111 - 1

0 - 010 -0

0 -010 -0
[4.3]

Unfortunately, such a system shows potential for surface-tension changes
over the full length of the i and j electrodes. This linear dependency and pro-
pensity for microdrop interference is a manifestation of the large applied
voltages (V,, >> V,;) that are typically used in cross-referenced architectures.
When multiple microdrops are present, thoughtful path planning, routing,
and scheduling (Ricketts et al., 2006; Yuh et al., 2008) must be used to pre-
vent inadvertent motion of neighboring microdrops and to avoid microdrop
interference.

The second manifestation for surface-tension changes and microdrop
motion comes about through a nonlinear relationship between microdrop
motion and applied inputs. In such a system, surface-tension changes are ini-
tiated from the simultaneous existence of nonzero values for both [V.,.i]/V,
and [V oumni/]/Vo- This ‘and’ condition is critical to this response and is rep-
resented here by the Boolean operator ” in the resulting surface-tension
change for this nonlinear distribution:
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The response in Equation [4.4] signifies the operation of the digital micro-
fluidic multiplexer and its ability to offer complete M x N microdrop motion
(one location at a time) with only M + N inputs.

The condition for localized motion only in the overlapped region requires
adherence to the V,,/2 < V,, < V,, relation — which sets the actuating voltage
amplitude V, between upper and lower limits defined by the threshold volt-
age V.. One can therefore design the system to have an appropriate operat-
ing voltage range by noting material dependencies for the threshold voltage
by way of (Berthier, 2008; Ahmadi ez al.,2009)

v, ~2 ’m%ne"’ [4.5]

where « is the hysteresis angle, y is the microdrop liquid surface tension, 6,
is the resting contact angle, and c is the capacitance per unit area (Berthier,
2008). If small threshold/operating voltages are desired, it is advantageous
to minimize static friction forces and maximize capacitance per unit area.
If rapid microdrop motion is desired, larger threshold/operating voltages
can be used by maximizing static friction forces and minimizing capaci-
tance per unit area. The following section will elaborate on these practi-
cal issues through digital microfluidic multiplexer design, fabrication, and
implementation.

4.2.3 Multiplexer fabrication and results

A bipolar AC voltage waveform biasing scheme is ideal to facilitate oper-
ation of the digital microfluidic multiplexer. A positive-polarity voltage

© Woodhead Publishing Limited, 2013



Digital microfluidics technologies for biomedical devices 149

waveform is applied to an upper row electrode with an opposite-polarity
voltage waveform applied to a lower column electrode. Such a scheme has
the lower-voltage benefits of AC biasing (compared to DC). Moreover, AC
operation lends itself to implementations with voltage transformers. It is
therefore possible to have a sufficiently high V|, applied on-chip, while the
device input voltages can be made low enough for operation with digital and
CMOS/TTL integration below 5 V. (This voltage step-up advantage comes
about from the highly-insulating dielectric layers on the chip, which mini-
mize the current draw and power consumption.) For the digital microfluidic
multiplexer, a center-tapped transformer is selected because it gives a large
voltage increase (having a voltage gain that is equal to the turns ratio) with
two opposite-polarity AC voltage waveform outputs (having equal ampli-
tudes and a 180° phase difference).

A Hammond 117E4 center-tapped transformer is chosen for testing and
demonstration of the device. This transformer receives a sinusoidal AC volt-
age waveform input, V,,, at a frequency of 470 Hz. At this frequency, the
transformer has a voltage gain of 75. Two AC voltage waveforms of opposite
polarity are extracted at the three-output center-tapped transformer and
applied to the multiplexer with an electrode switching scheme. The device
setup is shown in Fig. 4.2. The AC voltage waveform V(0°) is applied by
the j-phase electrode switch onto lower column electrodes, while the out-
of-phase AC voltage waveform V(180°) is applied by the i-phase electrode
switch onto upper row electrodes. An overhead LEICA APOZ6 microscope
and camera (not shown) capture the on-chip microdrop motion.

Testing is performed on a 16 x 16 digital microfluidic multiplexer with
upper and lower plates separated by 1 mm. The plates initially consist of
1 mm thick silica with 50 nm thick copper films (layers of metal can be added
to a silica substrate using sputtering processes) patterned as electrodes via
ultraviolet (UV) photolithography — with spin-coating of positive photore-
sist (PHOTOPOSIT SP 24D) at 5000 RPM, a 60 min hard bake, 250 nm UV
exposure, development, and a FeCl, isotropic wet-etch. The resulting multi-
plexer has electrodes with 600 um center-to-center pitch and 550 pum width.
The plates are then spin-coated at 5000 RPM with a 10 um thick polydime-
thylsiloxane (PDMS) layer with a silicone elastomer curing-to-base ratio of
1:10. Finally, a thin Teflon layer is applied by way of a 2000 RPM spin-coat.
The multiplexer grid is left with uniform and homogeneous layers of PDMS
and Teflon. The inset of Fig. 4.2 shows the final orthogonal and overlapped
electrode plates. All testing of the multiplexer microdrop motion presented
in this section is performed with deionized water microdrops.

To successfully operate the digital microfluidic multiplexer, it is neces-
sary to determine the threshold voltage of the system. To do this, a 1600
wm diameter microdrop is placed at the i = 12.8,j = 13.4 point on the multi-
plexer, as shown in Fig. 4.3a. (Note that row i and column j fractions indicate
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Digital microfluidic
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4.2 The digital microfluidic multiplexer is shown.The center-tapped
transformer has V;, coupled to its input. The outputs of the transformer,
V,(0°) and V,(180°), are applied to the multiplexer electrodes. The inset
shows the orthogonal and overlapped upper row and lower column
electrode plates.

intermediate locations between grid positions.) In general, the microdrop
diameters can be reduced to the center-to-center pitch (in this case 600 um)
to provide effective addressability and control. The structural dimensions
can be reduced if smaller microdrops are desired. The microdrop is tested
for motion to the intermediate position between the i = 11 and 12 electrode
pair and the j = 13 and 14 electrode pair. The voltage AC waveform V(0°)
is applied to the j = 13 and 14 electrode pair, while the out-of-phase voltage
AC waveform V(180°) is applied to the i = 11 and 12 electrode pair. The
input AC voltage is initially set at V,, = 0V, then increased. The microdrop
first moves at V,, = 8.3 V., and this voltage is recorded to give the corre-
sponding on-chip threshold voltage V,,, = 620 V... The post-motion-induc-
tion microdrop position is shown in Fig. 4.3b. The established threshold
voltage range for multiplexing, V,/2 < V,, < V,, will therefore be 310 V. <
V, < 620 V., for this device, with a corresponding input range of 8.3V, <
Vin<16.6 V..

On a fundamental level, the multiplexer is able to move a single microdrop
without disturbing neighboring microdrops. This important aspect is tested
with the two-microdrop experiment shown in Fig. 4.4. Two microdrops of
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4.3 The configuration for determining the minimum required threshold
voltage V,, is shown.The (a) initial and (b) final locations of a tested
2.06 nL microdrop are displayed. This threshold voltage is found by
slowly increasing the applied voltage up to the point of microdrop
motion.The electrode pair of i =11 and 12 is activated with V,(180°)
while the j= 13 and 14 electrode pair is activated with V,(0°).

1700 wm diameter are initially placed at i =9,j =6 andi=9,j = 113, as
shown in Fig. 4.4a. Note that both microdrops share the same horizontal
i upper row electrode. The end result is shown in Fig. 4.4b. By applying an
input voltage V;, = 10.0 V ., one can successfully actuate microdrop 2 with a
velocity of 1.0 mm/s to a new position of i = 4.8 and j = 12.1, while microdrop
1 is unperturbed.

In order to accommodate practical applications as a biofluidic device
(Ho et al.,2005; Chandrakasan et al.,2008; Lam et al.,2009), the multiplexer
should be adapted to operate with a lower threshold voltage. The previ-
ous input voltage of 10 V,, is larger than what is allowed for TTL/CMOS
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4.4 The independent actuation abilities of the multiplexer are shown.
The microdrops are 2.14 nL in volume and the (a) initial and (b)

final locations are displayed.The device input is V;, = 10.0V,,.. The
waveforms V,(180°) = 375V, and V,(0°) = 375V, are directed to
the i=4, i=5 electrodes and j = 11, j = 12 electrodes, respectively.
Microdrop 2 is moved from i=9, j= 11.3 to a new position of i=4.8,
j=12.3 and microdrop 2 is stationary.

integration (Moon et al., 2002; Li et al., 2008). With this in mind, the multi-
plexer is redesigned to have a thinner PDMS layer of 1 um (Renaudot et al.,
2011). This will allow the same localized electric field to be formed across
the insulating layers with a reduced voltage level. The revised digital micro-
fluidic multiplexer is tested and found to have V, = 48 V,, corresponding
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(a)

(b)

4.5 Shown here is the complex motion and merging process for two
microdrops. Two microdrops are moved in sequence and ultimately

mixed. The microdrops are (a) initially at rest, (b) separated from each
other, (c) moved towards each other, and (d) finally merged together.

(Continued)

to an input voltage within the range 0.64 V., < V;, < 1.28 V... An input volt-
age of V,, =0.64 V_, is selected for use with the device.

The new low-voltage multiplexer operation is shown in Fig. 4.5. Two
microdrops are used, with microdrop 1 having a 1800 um diameter and 2.54
nL volume and microdrop 2 having a 1600 um diameter and 2.01 nL volume.
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4.5 Continued

As shown in Fig. 4.5a, the two microdrops are initially at rest on the chip,
with microdrop 1 positioned at i = 7.5, j = 8 and microdrop 2 positioned at
i =10.5,j = 12.5. The microdrops are then moved in the sequence shown in
Fig. 4.5b. Rows i =4 and 13 and columns j = 12 and 13 are activated to move
microdrop 1 to the i = 4.5,j = 12.5 position and microdrop 2 to the i = 12.5,
j=12.5 position. To facilitate microdrop mixing, these microdrops are moved
into closer proximity, as shown in Fig. 4.5c. Rows i = 8,9 and 12, and columns
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j=11 and 12 are activated to move microdrop 1 to the i = 8.5, j = 11.5 posi-
tion and microdrop 2 to the i = 12, j = 12 position. Finally, rows i = 9 and 10
and columns j = 9 and 10 are activated to merge the microdrops at the i =
10, = 12 position.

4.3 Sensing techniques

The previous section highlighted the scalability challenges for microdrop
motion. It became difficult to provide localized microdrop motion given
increasingly small device dimensions and a correspondingly high number of
inputs. The same holds true for scalability in fluid sensing. When on-chip struc-
tures are scaled to small dimensions, the resulting signal levels can become
unacceptably low. This is because contemporary on-chip sensing techniques,
with for example capacitance or optical sensing, have signals that scale down
with the reducing sampling area. Clearly, one needs to develop systems with
higher sampling sensitivity when small on-chip structures are considered. The
generalized implementations for bringing about on-chip sensing are intro-
duced in Section 4.3.1, followed by an analysis of theory, fabrication, and
results for our folded-cavity architecture in Sections 4.3.2 and 4.3.3.

4.3.1 Architectures

On-chip sensing is fundamental to lab-on-a-chip operation. The ability to
probe fluid states is at the core of many on-chip analytical processes, but
such probing can become difficult when scalability is sought with diminish-
ing device dimensions.

Capacitance sampling is a well-established method for sampling on-chip
fluid characteristics (Ahmadi et al., 2010). Low-frequency dielectric prop-
erties are probed through localized capacitance measurements — as a lin-
ear relationship exists between the capacitance and internal fluid dielectric
constant. However, such dielectric constant values have limited ability to
provide broad-range (e.g., spectroscopic) information, as the measurements
are fundamentally low-frequency/DC in nature. With this in mind, sampling
technologies with higher-frequency optical analyses have been pursued.

Standard optical sensing makes use of fluid detection with an overhead
or integrated camera/sensor. Real-time fluid motion tracking has proven to
be highly successful for such implementations (e.g., those displayed by the
photographs in Figs. 4.3-4.5). Moreover, optical sensing allows for material
quantification by way of spectroscopic analyses across the high-frequency
UV/visible/IR spectra. Numerous on-chip optical sensing systems exist with
structures such as optical waveguides, ring resonators, and even optofluidic
lasers (Gai et al.,2011). The remaining challenge for standard optical sens-
ing relates to its scalability, however, and is particularly relevant to on-chip
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4.6 The multiplexer with integrated refractometry sensing station.

applications seeking operation with increasingly small device dimensions.
The returned optical signal level typically scales with the sampling area, and
this can make micron-scale sampling particularly challenging.

Given the advantages of optical sensing for material quantification, the
work presented here makes use of optical sensing in a folded-cavity scheme.
Such an arrangement is ideally suited for use with small device dimensions,
as appreciable signal levels can be produced for especially small sampling
areas. For the ongoing study, the folded-cavity optical sensor will be inte-
grated for use as a fluid refractive index probe with the aforementioned
digital microfluidic multiplexer being used for microdrop motion.

4.3.2 Folded-cavity theory

A folded-cavity sensor can be implemented for on-chip probing of refrac-
tive indices, and integrated directly onto the multiplexer, shown in Fig. 4.6
as the refractometry sensing station. A cross-section generalized schematic
is shown in Fig. 4.7. The cross-section shows a profile of the upper and lower
digital microfluidic multiplexer plates with an internal fluid (Fig. 4.7a) and
without an internal fluid (Fig. 4.7b). The ray paths displayed in Figs 4.7a
and 4.7b are calculated with ray-tracing analyses for fluid refractive indi-
ces n, = 1.52 and n, = 1.00, respectively, with a microlens contact angle of
6 = 42.5° and a radius of 900 um. The optical system is thoroughly ana-
lyzed, and the microlens on the superstrate is tuned to provide intense back-
reflection onto the overhead image sensor. When a high refractive index
fluid is present in the system, the image sensor records a high-intensity focal
point. When fluid is absent (or a lower refractive index fluid is present), the
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4.7 The folded-cavity optical arrangement is shown as the sampling
station on the digital microfluidic multiplexer. Ray-traced back-reflected
beams and simulated images on the image sensor are shown for (a) a
high refractive index fluid being present, and (b) no fluid being present.
The electro-dispensing apparatus is shown in (c) with the dispensed
polymer microlens on the sampling station’s superstrate.

focal image becomes diffuse and the central beam intensity diminishes. The
folded-cavity sensor uses this especially sensitive relationship between the
internal fluid refractive index and central beam intensity to optically probe
the state of internal fluids.

It is important to note that the relationship between the back-reflected
beam’s optical axis intensity, /o4, and the internal fluid refractive index, n,
is precisely set by the microlens contact angle. Figure 4.8 shows I, vs n; as
triangles for this 6 = 42.5° case. The linear trend line is found to be I, (n)) =
0.8145n; - 0.2396 (R* = 0.9999), with a linear operational range of n,= 1.28—
1.52. This refractive index operational range is particularly wide, although it
comes at the cost of a coarse resolution (An; = 0.0024). The resolution can
be improved, however, by using sharper focusing with a higher microlens
contact angle. This modified relationship between Iy, and 7, can be seen
for the case of a 8 = 52.5° microlens, whose results are shown by diamonds
in Fig. 4.8. Note the increased slope, and its resulting improvement to the
refractive index resolution (An; = 0.0007) for this Io,(n;) = 2.9398n, - 3.4741
(R? = 0.9973) trend. Even higher microlens contact angles can be used if
one wishes to further improve the refractive index resolution. This can be
seen for the case of a # = 72.5° microlens, denoted by squares in Fig. 4.8.
The Iy, vs n,trend is now I, (ny) = 24.13n; — 35.202 (R* = 0.9965), and the
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4.8 The linear relationship between the back-reflected optical axis
intensity, lo,, and the refractive index, nf, is shown for three different
microlens contact angles. Curves with triangles, diamonds, and
squares show theoretical Iy, values for 6 =42.5°, 6 =57.5°, and 6 =72.5°
respectively. Experimental results are shown as crosses for 0 = 42.5°.

resulting increased slope dramatically improves the refractive index resolu-
tion (An; = 0.0001). The improved resolution can be particularly useful for
sensitive measurements of chemical kinetics (Ladam et al.,2001) and tem-
perature characteristics where refractive index perturbations of 0.0005 must
be resolved (Li et al., 1994).

The overall relationship between the refractive index range/resolution
and microlens contact angle is summarized by Fig. 4.9. The refractive index
range is shown on the left vertical axis and the refractive index resolution
is shown on the right vertical axis. Note how an increased contact angle
offers a finer refractive index resolution, and this comes at the cost of a
lower refractive index range. For practical high-sensitivity measurements of
refractive indices, contact angles above 6 = 65° can provide the required
fine resolution. For wide-range measurements of refractive indices, contact
angles below 6 = 50° can provide the required broad measurement range.
Fabrication details and measurements for the wide-range refractive index
probe are presented in the following section.

4.3.3 Folded-cavity fabrication and results

The aforementioned folded-cavity refractive index probing technique will
be integrated with the digital microfluidic multiplexer. The combined system
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4.9 The relationship between the refractive index range (left vertical
axis) and its corresponding resolution An, (right vertical axis, being one-
hundredth the range) are shown as a function of the microlens contact
angle 6.

offers a scalable design for microdrop motion and sensing. Given that the
multiplexer dimensions have been fixed for optimal microdrop motion, it
is necessary to accomplish the optimized refractive index probing given
only modifications to the folded-cavity microlens. Such modifications come
about through microlens contact angle tuning and resulting modifications to
the relationship between the internal fluid refractive index and image sen-
sor’s optical axis intensity.

The desire for contact-angle tuning can be met with our established elec-
tro-dispensing technique (Born et al., 2010). Electro-dispensing is an in situ
polymer deposition process in which a dispensing tip voltage is used dur-
ing the dispensing to create the desired microlens form. The structure can
then be solidified with UV-curing (~5 min with a 400 nm wavelength 10
mW laser). The complete setup is shown in Fig. 4.6c. A localized electric
field is formed between the grounded copper plate and metal dispensing
tip. The dispensing tip voltage, V,, and nominal polymer surface tensions
define the dispensed droplet profile and contact angle 6(V,) according to
the Lippmann—Young equation:

[3.3.1]

CV%S sf cVzis
COSH(VdiSp):cosao"F dsp _ Yo — Vo Vi
Z%f Ve 27/If

where c is the capacitance per unit area. Initial conditions are defined for
Visp = 0, with solidfiller (y), solid-liquid (y), and liquid—filler (y;) surface
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tensions being defined for the initial contact angle of §,. User-controlled
modifications to the contact angle occur when Vg, > 0. To start, an appro-
priate substrate and a surrounding filler fluid are chosen to establish a suffi-
ciently high initial contact angle 8,. This contact angle can then be lowered
according to Equation [3.3.1] to tune the focusing conditions for UV-curing
and use in the desired application.

For the present analysis, with wide-range refractive index measurements
being desired, a microlens profile with a contact angle of 6 = 42.5° is cho-
sen. A UV-curable polymer (NOA 68) is dispensed with an air filler onto a
PTFE-coated glass substrate to form the microlens. A pressure-controlled
dispenser (Nordson Ultimus V) is used to deposit the desired volume, with
a microlens radius of 900 um, then the dispensing tip voltage is tuned over
the range V;, = 300-1500 Vi to form the desired microlens contact angle.
UV-curing is then applied. A 100 pL volume yields a microlens with radius
of 900 um and contact angle of 42.5°.

The fabricated microlens facilitates folded-cavity sensing and is incorpo-
rated as a sampling station adjacent to the digital microfluidic multiplexer.
This element provides the desired localized optical sensing of fluid refrac-
tive indices between the two plates. To determine the fluid refractive index,
a collimated white LED illuminates the structure. The back-reflected opti-
cal beam is then sampled by a beamsplitter and overhead image sensor. An
appropriate sequence of multiplexer electrode activations is used to pull the
fluid samples into the sampling station where images are then captured and
refractive indices are determined.

The folded-cavity sensing system is calibrated with well-known refractive
indices. The optical axis intensities are recorded for water (n; = 1.33), etha-
nol (n; = 1.36), and silicone oil (n; = 1.52). Results are displayed as crosses
in Fig. 4.8 and are seen to follow the theoretical linear trend for the 6 =
42.5° microlens. Ultimately, the folded-cavity sensing system is found to
be successful in characterizing a wide variety of fluids within the on-chip
microdrop motion/sensing system.

The system introduced here addresses some of the fundamental challenges
in contemporary on-chip biomedical devices. Operation on small dimensions
with highly-parallel formats is typically desired. The scalable nature of the pre-
sented multiplexer makes it especially useful for these micron-scale parallel
systems. Biomedical operations incorporating bioassays and clinical diagnos-
tics on human urine, saliva, tears, and sweat can therefore be carried out con-
currently with small sample volumes (Srinivasan et al.,2003,2004). The work
presented here, with the combined multiplexer and refractometry system, can
be used as a complete control/sensing analytical tool for in situ diagnostics.
Examples include the monitoring of hemoglobin concentrations in red blood
cells (Park et al.,2009), protein and lipid concentrations (Barer, 1955), and dis-
tilled/saturated solution concentrations (Yunus and Rahman, 1988).

© Woodhead Publishing Limited, 2013



Digital microfluidics technologies for biomedical devices 161

4.4 Future trends

Droplet-based digital microfluidic technologies are growing rapidly. The
precise control and reagent economy made available by the systems have
allowed these technologies to excel in a growing number of biomedical fields.
Processes based upon immunoassays (Alphonsus et al., 2010), DNA liga-
tions (Liu et al.,2008), DNA pyrosequencing (Fair, 2007), enzymatic analy-
ses (Miyazaki et al., 2008), proteomics (Lee et al.,2009), and bio-analytical
mass spectrometry (Figeys et al., 1998) have all benefited from these tech-
nologies. These fields have sought improved control and sensing capabilities,
and droplet-based digital microfluidics can provide these capabilities.

Future research trends will likely focus on the applied challenges for the
aforementioned digital microfluidic implementations, with particular atten-
tion paid to four contemporary challenges of a practical nature. The first
practical challenge relates to evaporation — an especially important issue
when reagent economy is sought. On-chip systems are being developed
to address this practical concern through techniques based upon environ-
mental control (Barbulovic-Nad et al., 2008), seals (Gong et al.,2004), and
ambient fillers (Pollack et al.,2000). The second practical challenge relates
to contamination. External contamination can be controlled by way of the
same ambient filler solutions that minimize droplet evaporation (Pollack
et al., 2000). At the same time, cross-contamination between internal fluid
samples is a practical concern — especially when biomolecular adsorption
effects are pronounced. Appropriate thin-film layers and wash operations
(Zhao and Chakrabarty, 2009) can be applied to control these contami-
nations. The third practical challenge relates to packaging. Droplet-based
systems for bioreactors, etc., typically require a reservoir from which flu-
ids can be drawn, and such systems must provide reliable seals, overcome
strong capillary forces, and mitigate the formation of bubbles. Srinivasan
et al. have demonstrated numerous advances in overcoming these practical
constraints (Srinivasan, 2005). The fourth and final practical challenge for
droplet-based digital microfluidics relates to routing constraints. Microdrop
control becomes an issue of increased importance when fine resolutions and
large numbers of droplets/inputs are required. And such considerations are
of particular concern when applications are sought with droplets in close
proximity — with processes such as mixing, sorting, and splitting (Yuh et al.,
2008).

45 Conclusion

The fundamental issue of scalability has been addressed to a large extent by
the work presented here. The digital microfluidic multiplexer was shown to
provide complete 2-D microdrop motion in a system with decreased input
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complexity (and input voltages compatible with TTL/CMOS technologies).
At the same time, an optical sampling station with a folded-cavity arrange-
ment was fabricated and demonstrated for improved sensitivity in sampling
internal fluid refractive indices. Such technologies can become cornerstones
for emerging biotechnological and biomedical applications that benefit
from microsystem integration.

4.6 References

Ahmadi A, Najjaran H, Holzman J F and Hoorfar M (2009), “Two-dimensional flow
dynamics in digital microfluidic systems’, J. Micromech. Microeng.,19,065003.

Ahmadi A, Devlin K D, Najjaran H, Holzman J F and Hoorfar M (2010), ‘In situ
characterization of microdroplet interfacial properties in digital microfluidic
systems’, Lab Chip,10(11), 1429-1435.

Alphonsus H C N, Uddayasankar U and Wheeler A R (2010), ‘Immunoassays in
microfluidic systems’, Anal. Bioanal. Chem.,397,991-1007.

Au A K, Lai H, Utela B R and Folch A (2011), ‘Microvalves and micropumps for
biomems’, Micromachines, 2(2), 179-220.

Barbulovic-Nad I, Yang H, Park P S and Wheeler A R (2008), ‘Digital microfluidics
for cell-based assays’, Lab Chip, 8, 519-526.

Becker H and Locascio L E (2002), ‘Polymer microfluidic devices’, Elsevier Science,
56,267-287.

Berthier J (2008), Microdrops and Digital Microfluidics, 1st ed, William Andrew:
Norwich, NY, USA, 196-201.

Born B, Landry E L and Holzman J F (2010), ‘Electro-dispensing of micro-spheroids
for lateral refractive and reflective photonic elements’, I[EEE Photon. J., 2(6),
873-883.

Chandrakasan A P,Verma N and Daly D C (2008), ‘Ultralow-power electronics for
biomedical applications’, Annu. Rev. Biomed. Eng.,10(1),247-274.

Cho S K, Moon H, and Kim C-J (2003), ‘Creating, transporting, cutting, and merg-
ing liquid droplets by electrowetting-based actuation for digital microfluidic
circuits’, J. MEMS, 12(1), 70-80.

Collier C M, Wiltshire M, Nichols J, Born B, Landry E L and Holzman J F (2011),
‘Nonlinear dual-phase multiplexing in digital microfluidic architectures),
Micromachines,2,369-384.

Davids D, Datta S,Mukherjee A,Joshi B and Ravindran A (2006), ‘Multiple fault diag-
nosis in digital microfluidic biochips, ACM J. Emerg. Technol.,2(4),262-276.

Dolatabadi A, Mohseni K and Arzpeyma A (2006), ‘Behaviour of a moving droplet
under electrowetting actuation: numerical simulation’, Can. J. Chem. Eng., 84,
17-21.

Elvira K S, Leatherbarrow R, Edel J and deMello A (2012), ‘Droplet dispens-
ing in digital microfluidic devices: assessment of long-term reproducibility’,
Biomicrofluidics, 6,022003.

Fair R B (2007) ‘Digital microfluidics: is a true lab-on-a-chip possible?’, Microfluid.
Nanofluid.,3,245-28]1.

Fair R B, Khlystov A, Tailor T D, Ivanov V, Evans R D, Griffin P B, Srinivasan V,
Pamula V K, Pollack M G and Zhou J (2007) ‘Chemical and biological applica-
tions of digital-microfluidic devices’, IEEE Design Test Comp.,24,10-24.

© Woodhead Publishing Limited, 2013



Digital microfluidics technologies for biomedical devices 163

Figeys D, Gygi S P, McKinnon G and Aebersold R (1998), ‘An integrated microflu-
idics-tandem mass spectrometry system for automated protein analysis’, Anal.
Chem.,70,3738-3734.

Gai H,LiY and Yeung E S (2011), ‘Optical detection systems on microfluidic chips’,
Top Curr Chem,304,171-201.

Gong J, Fan S-K and Kim C-J (2004), ‘Portable digital microfluidics platform with
active but disposable lab-on-chip’, Proc. 17th IEEE International Conference on
Micro Electro Mechanical Systems, Masstricht, Netherlands, 355-358.

Ho C-T,Lin R -Z, Chang H-Y and Liu C-H (2005), ‘Micromachined electrochemical
T-switches for cell sorting applications’, Lab Chip,5(11), 1248-1258.

Huebner A, Sharma S, Srisa-Art M, Hollfelder F, Edel J B and deMello A J (2008),
‘Microdroplets: a sea of applications?’, Lab Chip, 8,1244-1254.

Humphreys T, Andersson J, Sodervall U and Melvin T (2009), ‘World-to-chip inter-
connects for efficient loading of genomic DNA into microfluidic channels’, J.
Micromech. Microeng., 19, 105024.

Ladam G, Schaaf P, Cuisinier F J G,Decher G and Voegel J-C (2001),‘Protein adsorp-
tion onto auto-assembled polyelectrolyte films’, Langmuir, 17(2-6), 878-882.

Lam R HW, Kim M-C and Thorsen T (2009), ‘Culturing aerobic and anaerobic bac-
teria and mammalian cells with a microfluidic differential oxygenator’, Anal.
Chem., 81(14), 5918-5924.

Lee J, Soper S A and Murray K K (2009), ‘Microfluidics with MALDI analysis for
proteomics — a review’, Anal. Chim. Acta., 649, 180-190.

Li T, Zhang L, Leung K M and Yang J (2010), ‘Out-of-plane microvalves for whole
blood separation on lab-on-a-CD’, J. Micromech. Microeng., 20, 105024.

LiW B, Segré PN, Gammon R W, Sengers J V and Lamvik M (1994), ‘Determination
of the temperature and concentration dependence of the refractive index of a
liquid mixture’,J. Chem. Phys., 101(6), 5058-5069.

LiY, Parkes W, Haworth L I, Stokes A A, Muir K R, Li P, Collin A J, Hutcheon N G,
Henderson R, Rae B and Walton A J (2008), ‘Anodic Ta,0Os for CMOS com-
patible low voltage electrowetting-on-dielectric device fabrication’, Solid-State
Electron., 52(9), 1382-1387.

Liu Y-J, Yao D-J, Lin H-C, Chang W-Y and Chang H-Y (2008), ‘DNA ligation of
ultramicro volume using an EWOD microfluidic system with coplanar elec-
trodes’, J. Micromech. Microeng.,18,045017.

Madou M J and Cubicciotti R (2003), ‘Scaling issues in chemical and biological sen-
sors’, Proc. IEEE, 91(6), 830-838.

Miyazaki M, Honda T, Yamaguchi H, Briones M P P and Maeda H (2008),‘Enzymatic
processing in microfluidic reactors’, Biotechnol. Genet. Eng.,25,405-428.

Moon H, Cho S-K, Garrell R L and Kim C-J (2002),‘Low voltage electrowetting-on-
dielectric’, J. Appl. Phys., 92(7), 4080-4087.

Nichols J, Collier C M, Landry E L, Wiltshire M, Born B and Holzman J F (2012),
‘On-chip digital microfluidic architectures for enhanced actuation and sensing’,
J. Biomed. Opt.,17(6), 067005.

Park Y, Yamauchi T, Choi W, Dasari R and Feld M S (2009), ‘Spectroscopic phase
microscopy for quantifying hemoglobin concentrations in intact red blood
cells’, Opt. Lett., 34(23), 3668-3670.

Pollack M G, Shenderov A D and Fair R B (2000), ‘Electro-wetting based actu-
ation of liquid droplets for microfluidic applications’, Appl. Phys. Lett., 77(11),
1725-1726.

© Woodhead Publishing Limited, 2013



164 Microfluidic devices for biomedical applications

Ren H, Fair R B and Pollack M G (2004), ‘Automated on-chip droplet dispensing
with volume control by electro-wetting actuation and capacitance metering’,
Sensor. Actuat. B, 98,319-327.

Renaudot R, Agache V, Daunay B, Lambert P, Kumemura M, Fouillet Y, Collard D
and Fujita H (2011), ‘Optimization of liquid dielectrophoresis (LDEP) digi-
tal microfluidic transduction for biomedical applications’, Micromachines, 2(2),
258-273.

Ricketts A J, Irick K, Vijaykrishnan N and Irwin M J (2006), ‘Priority scheduling
in digital microfluidics-based biochips’, Proc. Design, Automation and Test in
Europe, Munich, Germany, 6-10 March, 329-334.

Song H, Chen D L and Ismagilov R F (2006), ‘Reactions in droplets in microfluidic
channels’, Angew. Chem. Int. Ed., 45, 7336-7356.

Srinivasan V (2005) ‘A digital microfluidic lab-on-a-chip for clinical applications’,
Ph.D. thesis, Duke University.

Srinivasan V, Pamula V K, Pollack M G and Fair R B (2003), ‘Clinical diagnostics on
human whole blood, plasma, serum, urine, saliva, sweat, and tears on a digital
microfluidic platform’, Proc. MicroTAS, 2003, 1287-1290.

Srinivasan V, Pamula V K and Fair R B (2004), ‘An integrated digital microfluidic
lab-on-a-chip for clinical diagnostics on human physiological fluids’, Lab Chip,
4(4),310-315.

Welch C J, Sajonz P, Biba M, Gouker J and Fairchild J (2006), ‘Comparison of mul-
tiparallel microfluidic HPLC instruments for high throughput analyses in sup-
port of pharmaceutical process research’, J. Lig. Chrom. Rel. Technol., 29(15),
2185-2200.

Wiggins S and Ottino J M (2004), ‘Foundations of chaotic mixing’, Phil. Trans. R. Soc.
Lond. A,362,937-970.

Xiao Z and Young EFY (2010a), CrossRouter: a droplet router for cross-referencing
digital microfluidic biochips’, Proc. 15th Asia South Pacific Design Automation
Conference, Hong Kong, China, 18-21 January, 269-274.

Xiao Z and Young E F Y (2010b), ‘Droplet-routing-aware module placement for
cross-referencing biochips’, Proc. 19th International Symposium on Physical
Design, San Francisco, USA, 14-17 March, 193-199.

Xu T and Chakrabarty K (2008), ‘A droplet-manipulation method for achieving
high-throughput in cross-referencing-based digital microfluidic biochips’, IEEE
Trans. Computer-Aided Design Integr. Circuits Syst.,27(11),1905-1917.

Yuh P-H, Yang C-L and Chang Y-W (2008), ‘BioRoute: a network-flow-based rout-
ing algorithm for the synthesis of digital microfluidic biochips’, IEEE Trans.
Computer-Aided Design Integr. Circuits Syst.,27(11),1928-1941.

Yunus W M bin M and Rahman A bin A (1988), ‘Refractive index of solutions at
high concentrations’, Appl. Opt.,27(16),3341-3343.

Zhao Y and Chakrabarty K (2009), ‘Cross-contamination avoidance for droplet
routing in digital microfluidic biochips’, Proc. DATE, Nice, France, 20-24 April,
1290-1295.

Zhu L, Zhang Q, Feng H, Ang S, Chau F S and Liu W T (2004), ‘Filter-based micro-
fluidic device as a platform for immunofluorescent assay of microbial cells’,
Royal Soc. Chem., 4,337-341.

© Woodhead Publishing Limited, 2013



5

Controlled drug delivery using microfluidic
devices

N. GAO, Harvard University, USA and X.J. LI, University of
Texas at El Paso, USA

DOI: 10.1533/9780857097040.2.167

Abstract: Efficient drug delivery plays a crucial role in disease treatment
and remains an important challenge in medicine. Recent advances in the
field of microfabrication have offered the possibility to develop controlled
release systems for drug delivery. Herein, we will mainly address two
kinds of delivery devices: microreservoir and micro/nanofluidic devices.
For each type of drug delivery device, we start with working principles
and the fabrication process, and then summarize the recent applications
of each type of drug delivery system, with a focus on how to control

drug delivery with different triggered systems. At the end of this chapter,
challenges and the future prospect of chip-based controlled drug delivery
will be discussed.

Key words: microfluidic, controlled drug release, drug delivery, fabrication,
triggered system.

5.1 Introduction

Drug delivery is the method or process of administering a pharmaceutical
compound to achieve a therapeutic effect on disease. Conventional dos-
ages mean oral delivery and injection are the predominant routes for drug
administration. The main drawbacks of these types of dosage are non-local
treatment and toxicity to healthy tissues.! An ideal drug delivery would
be controlled for high efficiency treatment and local drug release to mini-
mize toxicity. With the development of micro/nano electromechanical sys-
tem (MEMS/NEMS) technology and material science, a variety of devices
have been developed to achieve drug delivery for disease treatment over
the years. The devices with micro/nanostructures, as powerful platforms,
can provide better drug therapy because they allow precise, local, and con-
trolled dosing with lower toxicity. These devices can offer opportunities to
address unmet medical needs related to disease therapy.

An ideally controlled drug delivery system requires simultaneous consid-
eration of several factors, such as the mechanism of drug release, the route of
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administration, and capability of targeting. The approach of drug release has
a significant effect on therapeutic efficacy. An ideal approach should maintain
drug levels within the therapeutic window to avoid potential health hazards,
maximize therapeutic efficiency, and provide a well-controlled drug release
triggered by stimuli. Drug concentration above the therapeutic window is toxic,
and below the therapeutic window will lose therapeutic efficacy. Conventional
drug delivery systems, such as oral and injection, generally have a high ini-
tial level of the drug after the first administration, followed by sharp decrease
in blood concentration (Fig. 5.1a). Controlled drug release helps to address
this issue. Figure 5.1b shows two profiles of most common time dependent
release, sustained release, and pulsatile release. Sustained release can offer a
constant drug concentration within the therapeutic window. However, pulsa-
tile release provides a consecutive burst drug delivery. To improve treatment
efficiency of the disease, controlled drug delivery can be achieved in differ-
ent approaches based on different compounds or different therapeutic needs.
Most treatments request a sustained release of drug at a constant rate over
long periods of time. For some specific drugs, such as insulin and hormones,
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5.1 Profile of conventional, sustained, and pulsatile drug release.

(a) Plasma concentration versus time curve for conventional drug
administration. (b) Plasma concentration versus time curve for pulsatile
and sustained drug release.

© Woodhead Publishing Limited, 2013



Controlled drug delivery using microfluidic devices 169

the drug release should mimic the body’s natural pulsatile. A variety of con-
trolled drug delivery devices have been developed to achieve a good therapeu-
tic effect over the years. Controlled drug release can be triggered by different
stimuli, such as temperature, pH, magnetic and electric field, etc. These devices
use different routes of administration, and different methods and materials for
device fabrication, typically including polymer- and silicon-based micropumps,
microneedles, microreservoirs, and microfluidic systems. In this chapter, to
avoid duplication with other chapters, we will focus on two kinds of delivery
devices: microreservoir and micro/nanofluidic devices.

5.2 Microreservoir-based drug delivery systems

Compared to traditional approaches, microreservoir devices allow more
precise control over the drug delivery rate and limit side effects with
local implantation. As one of next generation target delivery systems, the
microreservoir system offers the possibility for self-managed and high effec-
tient patient therapy.

5.2.1 Working principle

The controlled release microreservoir device typically consists of reservoirs
containing drugs, release control systems, and biodegradable polymers or
metallic layers as membranes. Individual or multiple drugs are sealed in the
reservoirs, isolating them from the environment. The metallic or polymer layer
covering on the reservoir is opened, or degraded on command, to expose their
contents to the body. The structure of microreservoir-based devices includes
single and multi-reservoir systems. The covers can be trigged with different
approaches, including temperature, pH, and magnetic and electric field.

5.2.2 Microreservoir fabrication

Devices of microreservoir-based drug release are mainly of silicon structure
and polymer structure. Fabrication of silicon-based devices is commonly
achieved by photolithography, etching, and deposition steps in order to pro-
duce the desired configuration of features such as reservoirs, valves, and
membranes or trigger systems. The fabrication can proceed according to
the standard processes of MEMS techniques, such as bulk micromachining
and surface micromachining. Figure 5.2 is a schematic of the typical fabri-
cation process of bulk micromachining.? It starts with an anisotropic silicon
etch using an oxide mask (Fig. 5.2a and 5.2b). This is followed by a confor-
mal plasma-enhanced chemical vapor deposition (PECVD) oxide deposi-
tion (Fig. 5.2¢). Subsequently, an anisotropic oxide etch is used to remove
the oxide at the bottom of the trenches, leaving the sidewall oxide intact
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(a) (b)

Nmiliani

5.2 Cross-section of bulk micromachining process. (a) Wafer with oxide
layer. (b) Anisotropic oxide etch. (c) Deposition. (d) Anisotropic oxide
etch. (e) Undercut. (Source: Copyright permission from Elsevier.?)

(Fig. 5.2d). At this stage, an isotropic silicon etch (SFy) is performed, which
results in undercut and finalization of the silicon structures (Fig. 5.2¢).

The fabrication of surface micromachining usually starts to construct a
sacrificially patterned layer on top of a silicon substrate. The structural mate-
rial is then deposited and patterned. Finally, the sacrificial layer is removed,
leaving the desired microstructure.

Recently, fabrication of polymer-based devices has also been well devel-
oped. Three techniques can be used to fabricate polymer-based structures
for microreservoir-based devices: photolithography, replica molding, and
surface machining.? Photolithograph is usually used to construct devices with
thin membranes. SU-8 and PMMA are commonly used polymers. A fabrica-
tion process of the SU-8 photolithograph is illustrated in Fig. 5.3. Polymeric
structures are also formed by molding and embossing techniques. In this
technique, a master mold is generally created with a hard material, such as
silicon wafer, using the standard MEMS fabrication process. A pre-polymer
is deposited in the mold and solidified after surface treatment to reduce
adhesion of the mold to the polymeric materials. The polymeric structure is
then removed. The advantage of molding is that the mold can be repeatedly
used. This method is normally used to obtain micro-size structures.

Another important technique that can be used to build polymeric struc-
tures on a silicon substrate is surface machining. Surface machining can be
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5.3 Schematic of the photolithographic steps with a SU-8 photoresist.
(a) Spin-coating and flood-exposure of SU-8 photoresist on silicon.
(b) Coating and exposure of a second SU-8 for generation of structure
using the mask. (c) SU-8 development.

used to create small sized structure. However, due to the increased surface
nonplanarity with the additional layer, there are limitations when creating a
multi-layer structure. The basic surface micromachining process is described
in the fabrication of silicon structure-based devices.

5.2.3 Examples of applications

Silicon-based devices

Microreservoir-based devices have been developed over years.* A number
of silicon-based drug delivery devices have been reported. These devices
can achieve drug release by different triggers, such as electrochemical dis-
solution,>® telemetry,® temperature/thermal,” polymer degradation,’ and
magnetic force.!? Silicon-based microreservoirs typically have an array of
cavity shape, with metallic walls on a lateral surface. The top and bottom
basis can be sealed by metallic or polymeric layers. Drugs can be released
from microreservoirs if the sealed layer is opened. Figure 5.4a is a multi-
pulse drug delivery system fabricated on a silicon substrate using electro-
chemical dissolution to control the drug release.” Each reservoir can be
filled with a 20 nL volume drug. Gold membranes with excellent biocom-
patible properties as anodes are on top of the reservoirs, preventing drug
exposure before the trigger. Gold anodes are dissolved in the presence of
chloride ions when anodic voltage is applied to the membrane. The drug
is released when the thin gold membrane disappears after the applica-
tion of a voltage for several seconds. This profile of drug release presents
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5.4 (a) A prototype microchip for controlled release showing the shape
of a single reservoir. (b) Pulsatile release of multiple substances from

a single microchip device. (Source: Copyright permission from Nature
publishing group.?)

a burst drug delivery. Figure 5.4b shows the result of a prototype device
filled with two model chemicals. The results demonstrated that the acti-
vation of each reservoir could be controlled individually with separated
circuit. Varying amounts of drugs in solid, liquid, or gel could be released
into solution in a pulsatile manner, a continuous manner, or a combina-
tion of both. In addition, the applied potential of the device was just 1.04
V vs. SCE with low power consumption.

More recently, Microchips Inc. presented a controlled pulsatile release of
the polypeptide leuprolide from microchip implants over 6 months in dogs,
which demonstrated an excellent biocompatibility of the device.® In this
design, each microchip contains an array of discrete 300 nL reservoirs, from
which dose delivery can be individually controlled by telemetry (Fig. 5.5).
The filled and titanium hermetically sealed chip was electrically connected
to wireless communication hardware, power supply, and circuit boards on
the in vivo implant (Fig. 5.5¢). The devices were remotely programmed to
open selected reservoirs, initiating drug release. The profile of the maximum
drug concentration (C,,,) in Fig. 5.5d showed the release kinetics of the
drug over a period of 25 weeks.

Electrothermal induction, as a traditional technique, has been applied in
controlled drug delivery.’ In this study, an electrothermally induced single
reservoir is sealed by a silicon nitride membrane. Activation causes thermal
shock to the suspended membrane allowing the drugs inside the reservoir
to diffuse into the region of interest. Also, the size of reservoirs can be engi-
neered for offering on-demand drug release. This work explored a fuse acti-
vation mechanism that operates controlled release electrothermally for low
energy consumption. The reason for low consumption is that the fuse for
opening the membranes is geometrically laid out on the weakest point of
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5.5 Reservoir-based implantable drug delivery system. (a) Front and
back of the 100-reservoir microchip. (b) Representation of a single res-
ervoir. (c) Electronic components on the printed circuit board (PCB) in
the device package. (d) Average C,,,, for each release event throughout
the 6-month study. (Source: Copyright permission from Nature publish-
ing group.®)

the membranes. The energy consumption for the in vitro release is approxi-
mately 134 pJ, which reduced four orders of magnitude over the previous
devices made with a full gold membrane. The reported device could provide
a sustained drug release for more than 200 h.

Polymer-based device

Polymer devices, as low-cost drug delivery systems, have been success-
fully fabricated for administration of biopharmaceuticals. Figure 5.6a is a
multi-pulse drug delivery device with 1.2 cm in diameter and 480-560 um
thick consisting of 36 poly (L-lactic acid) reservoirs and poly (D, L-lactic-
co-glycolic acid) (PLGA) membranes.’ The timing of drug release can be
controlled with the different biodegradable rates of the materials used, the
molecular mass, and the composition and thickness of membranes. In this
work, drug release from reservoirs was maintained over a period of months.
Figure 5.6b shows the percentage of initial loading released from a represen-
tative device, in which both heparin and dextran were loaded into reservoirs
sealed with molecular mass PLGA. The in vivo drug release was studied
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5.6 (a) Diagram of polymeric microchip device.The main body of

the device is composed of a reservoir-containing substrate that is
fabricated from a degradable polymer. Truncated conical reservoirs in
the substrate are loaded with the chemical to be released, and sealed
with polymeric degradable reservoir membranes on one end and a
sealant layer (polyester tape) on the opposite end. Inset, close-up

of a reservoir, reservoir membrane, sealant layer and chemical to

be released. (b) Cumulative percentage of initial loading released
from microchip device in vitro. Release results are shown for a
representative device that was loaded with both 14C-dextran (crosses)
and 3H-heparin (circles). (Source: Copyright permission from Nature
publishing group.?)
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and it was revealed that pulsatile release was analogous to that observed in
other in vitro studies.

Differently from the sturcture above, a magnetically controlled device
capable of on-demand release of defined quantities of an antiprolifera-
tive drug, docetaxel (DTX), was reported in 2011.1° This device consists
of a single reservoir which was created by molding polydimethylsiloxane
(PDMS) on SU-8 pattern using photolithography. A PDMS membrane
coated with magnetic iron oxide nanoparticles is used to seal the res-
ervoir. This magnetic PDMS membrane deforms and the drug solution
is released from the device under a magnetic field. A sustained leakage
release of docetaxel, an antiproliferative drug, was achieved for 35 days
at arate of 171 + 16.7 ng per actuation interval. In the cell viability exper-
iment, released docetaxel caused cell viability in HUVEC and PC3 cells
decreasing to 24% and 58% after one actuation, and to 21% and 34%
after ten actuations, respectively. This device, made with biocompatible
PDMS, presents a promising prospect on in vivo implantation.

In other reports,'"'? researchers built poly (methyl methacrylate)
(PMMA) microdevices using photolithography and reactive ion etching
(RIE). RIE can easily create reservoirs with varying depths by controlling
the etch time and the ion flow rate, which provides a simple approach to
adjust the drug loading volume. The different individual model drugs were
loaded into each reservoir on the device. (See Plate I in the colour section
between pages 328 and 329.) The use of different hydrogel systems in each
reservoir shows difference in the controlled release of the respective drugs
over the same release period and offers independent release of multiple
drugs. In addition, the PMMA surface was functionalized with lectin to
improve bioadhesion of the device and epithelium, enhancing drug reten-
tion time. Plate I shows the fabrication processes for both single drug and
multi-drug loaded devices. The independent drug releases are performed
independently from each other.

5.3 Micro/nanofluidics-based drug delivery systems

With smaller delivery channels and exits, micro/nanofluidic devices could
easily penetrate health issue to reach relatively inaccessible locations.
Simultaneously, they offer opportunities to integrate multi-techniques to
perform drug release, sensing and feedback in the local organ.

5.3.1 Working principle

Micro/nanofluidics is the science of manipulating, controlling, and study-
ing fluids at micro/nanodimensions. This unique characteristic allows
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micro/nanofluidic devices as controllable platforms to precisely perform
drug delivery. In general, reservoirs, channels, pumps, and valves are pri-
mary components of micro/nanofluidic devices for precise drug delivery by
implanted or transdermal techniques. Drugs stored in reservoirs are pre-
cisely moved to desired locations by control parts, such as micropumps and
valves. The advantage of the micro/nanochannel-based drug delivery system
is that it can provide a stable drug concentration in bodies. The device, with
a long and narrow channel, can minimize drug degradation as compared
to a device that directly exposes the whole reservoirs to the environment.
It is more useful for delivering sensitive, unstable, and easily-contaminated
drug. The rate of drug delivery is mostly manipulated through flow diffu-
sion. More new control systems have been reported recently, such as sys-
tems using electrokinetic force'® and pH tunable nanofluidic diode.!* Mostly,
micro- and nano-channel-based devices provide a sustained drug release.

5.3.2 Fabrication of microfluidic drug delivery systems

Microfluidic-based devices for drug delivery are mostly constructed with
polymers. Similarly to microreservoir-based devices, microfluidic devices
are fabricated by standard photolithography, etching, deposition, and mold-
ing techniques.

For nanofluidic devices, due to their tiny dimensions, fabrication of nano-
channels needs to be done in a clean room to minimize the contamination of
particles. Standard semiconductor processing techniques are utilized to con-
struct nanofluidic devices. Generally, four highly effective and reproducible
methods are used: (1) bulk nanomachining, (2) surface nanomachining, (3)
buried channel technology, and (4) nanoimprinted lithography (NIL).

In the bulk nanomachining process (Fig. 5.7), the wafer is lithographically
patterned, and the oxide mask is etched with an HF solution. The silicon is
then anisotropically etched with a developer solution, tetramethylammo-
nium hydroxide (TMAH). Finally, the oxide mask is stripped and bonded
to a borofloat glass wafer. For surface nanomachining, the fabrication of
nanofluidic devices is similar to that used in microreservoir devices. Buried
channel technology can also be used to fabricate nanofluidic devices, espe-
cially reservoir-based nanofluidic devices. The detailed fabrication process
is shown in Fig. 5.8 (left).”® The process can be implemented with several
steps: deep reactive ion etching to from trench, trench coating with protec-
tive material, etch coating at bottom of trench, second isotropic etching to
round out bottom, strip coating and channel closing by trench filling. On the
right of Fig. 5.8 are SEM images of the device.

Nanoprinting lithography with a two-step process is an alternative fab-
rication method. The first process is the imprint step, which duplicates the
nanostructures on the mold in the polymer. The polymer is heated to become
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5.7 A fabrication process for bulk nanomachining with wafer bonding.

5.8 Process sequence (left) and SEM micrographs (right) of buried
channels. (Source: Copyright permission from Elsevier.')
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5.9 lllustration of implantable, flexible polyimide probe with
microelectrodes and microfluidic channels. (Source: Copyright
permission from Elsevier.™)

a viscous liquid, which allows it to deform into the shape of the mold. The
second step is the pattern transfer where an etching anisotropic process,
such as RIE, is used to remove the residual polymer in the compressed area.
PMMA with a small thermal expansion and pressure shrinkage coefficient
is a common polymer used in NIL.

5.3.3 Examples of applications

Before 2000, the applications of microfluidic and nanofluidic devices were
concentrated on diagnosis, microchemical reactors, protein and DNA sep-
aration, and cellular analysis. Since then, more efforts have been devoted
to developing micro/nanofluidic drug delivery and disease therapy. Here,
a few drug delivery systems of micro/nanofluidics, as examples of applica-
tions, will be introduced, including diffusion delivery, pressure injection, and
electrokinetic force.

Diffusion drug release is one of the simplest drug delivery microfluidic
methods!'®8, Using this method, the storage cavity or reservoir, embed-
ded in the microchannel, is filled with the reagent. These devices exhib-
ited a sustained drug release. In one work, the microchip was fabricated
with PMMA, embedded with one or more microwells and microchannels
with different lengths's. The well and the channel filled with biocompati-
ble polymer serve as the drug reservoir and diffusion barrier, respectively.
When the matrix is exposed to flowing liquid, the reagent dissolves and is
released from the cavity. With increasing length of channels, the onset time
and duration of drug release increase. Multiple microwells on the micro-
chip can perform differently prolonged periods of time by designing dif-
ferent lengths of micorchannels. Though fabrication of diffusion delivery
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5.10 Nanomedicine delivery system with eight microchannels. (Source:
Copyright permission from Elsevier.?)

devices is simple, in some cases it may not be able to perform the drug
delivery precisely.

Figure 5.9 shows a polymer-based implantable device with embedded micro-
electrodes and microfluidic channels.” This implanted device combines electric
with fluidic technique, which allows simultaneous, selective chemical delivery/
probing and performs multi-channel recording/simulation of bioelectric activ-
ity. In this device, microelectrodes were characterized by impedance spectros-
copy, and drug delivery was achieved with pressure injection techniques. This
device enables the monitoring of chemical and electrical information exchange
among cells. The devices combine for the first time simultaneous electric and
fluidic interfacing to tissue with a flexible micro-implant. This design can be
used to study the chemical and electrical information exchange and communi-
cation of cells both in vivo and in vitro experiments.

Another device is a combination of nanofluidics and microfluidics
(Fig. 5.10).2° The plenum chamber as a reservoir provides the nutrient supply
and/or purging fluid. Nano-drugs can be supplied by setting the supply pres-
sure of the nano-drug solution higher than that of the fluid supply side. Except
a positive influence on drug-concentration uniformity, a heat flux beneath the
microchannels ensures that the drug-fluid mixture is delivered to the living cells
at an optimal temperature. An ideal nano-drug delivery system is an integra-
tion of drug preparation, feeding, sensing and feedback functions. It requests
the well-controlled fluid to reach different function parts. The microchannels
can alter the fluid to the requested function sections by adjusting the individual
inlet pressure. With independent controlled microchannels, the microfluidic
device offers a possibility to perform all those functions in a single device.

Electrokinetic actuation is another example of common approaches used
to control drug delivery.'>*'-2* In one of the papers,?’ an implantable and
mechanically robust nanofluidic membrane was manufactured with precise
silicon nanofabrication techniques. Two integrated platinum electrodes at the
inlet and outlet play the roles of reversing the nanoflow by applying opposite
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voltages as well as controlling the rate of nanoflow. This electrokinetically
actuated nanofluidic membrane can provide a sustained drug release at a
low applied voltage. The delivery performance of the nanochannel mem-
brane was measured and monitored with a fluorescence microscope over a
period of 33 days. Compared with the active release, the passive leakage is
less than ~10% and 20% for FITC-BSA and lysozyme after 33 days and
10 day release, respectively. This nanofluidic membrane can achieve rhythmic
delivery by electrokinetic actuation and control the range of release rates by
the mechanical dimension of the fluidic network, the voltage, and the electro-
phoretic mobility of the molecules.

In some cases, combining other techniques with microfluidics can pro-
duce some interesting designs. In an exemplar study, the researchers present
a device that combines the porous supraparticle with microfluidic channels,
providing a sustained drug release.” In this work, porous supraparticles
are fabricated via dry self-assembly method using droplet templates dis-
pensed in superhydrophobic substrates inside a microfluidic channel. The
porous supraparticle as a reservoir stores drugs. The device is fabricated
with PDMS. A stable rate of drug release can be achieved by controlling
porosity, size, and chemistry properties of particles and drugs. Although this
device provides just a ~10 min drug delivery, the microfluidic combination
with functional particles presents a new horizon for microfluidic-based con-
trolled drug delivery.

In addition, microfluidics can be integrated with the needle structure for
controlled drug release.??¢ For example,in a nanoneedle drug release device,
a microfluidic channel as an interconnector and reservoir provides fluidic
interconnection of external devices and drug storage room.” A microflu-
idic interconnector assembly was designed and fabricated using SU-8 and
conventionally machined PMMA in a way that it has a male interconnector
that directly fits into the fluidic reservoir of the microneedle array at one
end, and another male interconnector that provides fluidic interconnection
to external devices at the other end.

Inadifferentreport, microfluidics are integrated with convection enhanced
drug delivery (CED), which is a promising therapeutic method for treating
diseases of the brain (Fig. 5.11).”” By increasing the rate of infusion at pos-
itive pressure, CED can enhance the drug penetration distance and over-
come limitations of traditional treatment for brain tumors caused by the
large tumor size and the difficulty of delivering drugs into their dense tissue.
Compared to the CED using needles and cannulas delivering drugs, this
integrated microfluidic system for CED shows several advantages, including
small size to minimize tissue damage, low backflow, the rigid tip to penetrate
deep into tissue, and the fluidic outlet located away from the penetrating
edge to avoid occlusion of the channel. Moreover, it offers the possibility of
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5.11 Electron micrographs of microfluidic probe. (a) Parylene microflu-
idic channel with dimension of 50 x 10 um. (b) Pointed tip of insertable
portion of probe. (c) Entire probe with protrusion for fluidic connection
(1), base for handling (2) and tissue penetrating insert (3). (Source:
Copyright permission from Elsevier.?’)

integrating electrical, mechanical, and chemical sensors to record the local
environment and further control drug concentration.

5.4 Conclusion

MEMS/NEMS technology, combined with new materials and data
management, opens revolutionary opportunities to develop low-cost,
biocompatible, and controlled drug delivery devices. Both sustained and
pulsatile drug delivery in the therapeutic window have been achieved.
The multiple reservoir-based device allows people to perform multiple
drug delivery simultaneously. Also, different controlling approaches pro-
vide more options to selectively deliver drug in local tissues according
to different physiological environment and needs. Nowadays, microres-
ervoir devices have become commercial products of drug delivery. With
the development of compatible materials, new controllers and delivery
methods, and microfluidic-based drug delivery devices will also be ulti-
mately applied in clinic.
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5.5 Future trends

In addition to providing well-controlled drug release, highly efficient treat-
ment for diseases, and low toxicity for health tissues, an ideal drug delivery
system should include a monitored or triggered feedback to manage the
drug release in response to a therapeutic marker or patient’s body. However,
the drug delivery devices on the market usually need to control drug release
under patients and experts’ administration according to the result of the
outer monitor. How to obtain low-cost drug delivery devices with combina-
tion of monitored sensors of therapeutic marker and drug release network is
a challenge for controlled drug devices. Advances in micro/nanofabrication,
material science, communication technique, and biology will contribute to
the design of ideal devices that can integrate biomonitoring with drug deliv-
ery in a closed-loop system on a single chip, without expert administration.

To date, pH and temperature controlled drug releases are two approaches
that can be directly used in clinic without a complicated control system.
pH sensitive materials have been used in clinic to perform controlled drug
release according to different pHs of healthy and unhealthy tissues or phys-
iological environments. In addition, temperature triggered drug release also
can build the simple triggered drug delivery device.

Besides, new biodegradable materials with low toxicity and high degrad-
able rate are essential to improve the qualification of the implanted device,
especially those that can be used to create biocompatible and flexible micro-
even nano-sized structure with MEMS/NEMS. Developing more ‘smart’
materials with unique properties (such as temperature sensitive and mem-
ory materials) will offer more opportunities to design customized delivery
and feedback loop devices.

Also, local drug release can minimize the drug toxicity to healthy tis-
sues, which is critical for long-term drug delivery. Surface modification with
receptors can be utilized to specifically target unhealthy tissues and fix the
devices at the target location during a long period of drug release.

As a multidisciplinary field, the combination of new technology and new
materials guidance promises to foster further innovation of drug delivery.
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Abstract: Microneedles (MN) are micron-sized needles, ranging from

25 to 2000 um in height, made of a variety of materials and shapes.
Application of MNs to the skin can create micron-sized transport
pathways that allow enhanced delivery of a wide range of drug
molecules. The concept of MNs was first conceived in 1976; however,

it was not possible to make them until the first exploitation of
microelectromechanical systems (MEMS) in 1998. Therefore, this chapter
will focus on the fabrication techniques of MNs using MEMS, the design
and material consideration of MNs, and the application of MNs in drug
delivery and monitoring biological fluids.

Key words: microneedles, microelectromechanical systems, transdermal
drug delivery, skin, drug delivery, biological fluid monitoring.

6.1 Introduction

Transdermal delivery is currently restricted to around 20 drug molecules
that are approved by the US Food and Drug Administration for delivery
by transdermal patches; for example, fentanyl for pain management, and
nicotine for smoking cessation (Prausnitz et al., 2004). These approved
molecules are all of low molecular weight (<500 Da), have adequate solu-
bility in both water and oil, and require a low daily dose to be administered
(Chu and Prausnitz, 2011; Teo et al.,2006). Other properties required for
good skin permeation include high but balanced octanol:water partition
coefficient and a low melting point, which correlates with good solubility
(Potts, 1990; Teo et al., 2006). The limited permeability of molecules that
do not possess the above properties is due to the outermost layer of the
skin, the stratum corneum (SC). This ‘dead’ layer of tissue has the ability
to prevent the permeation of foreign compounds, including drug mole-
cules, and therefore acts as a very effective barrier (Naik et al., 2000).
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In order to enhance drug permeation of the skin, a number of chem-
ical and physical methods have been investigated. Chemical penetration
enhancers, such as azone and l-a-lecithin have shown inconsistent results
in terms of drug permeation and inflammatory reactions (Fang et al.,2003).
The peptide magainin is a natural pore former and it can be used to increase
skin permeability (Kim et al., 2007). Physical methods, such as ultrasound,
iontophoresis and electro poration, have been investigated but these meth-
ods require additional equipment to generate the physical disruption
(Conjeevaram et al.,2002; Joshi and Raje, 2002; Vanbever et al., 1996).

The concept of MNs for use in drug delivery was initially considered a
number of decades ago, with the first patent being filed by Gerstel and Place
in 1976 (Gerstel and Place, 1976), but it was not until late into the 1990s that
papers were published detailing a viable technique, due to previous limita-
tions in fabrication. Since that time, interest in this method of drug deliv-
ery has expanded significantly. According to Kim et al., the current count of
papers detailing the use of MN for drug delivery stands at over 350 (Kim
et al., 2012a). These papers describe the delivery of a range of drug mol-
ecules via a number of methods, including vaccines. The main body of work
has involved the investigation of the use of MNs to aid the delivery of drugs
via the transdermal route. MNs, as previously described, are micron-sized
projections that can be produced in a range of conformations and materials,
offering a new way to deliver drug molecules. In order to facilitate this, Kim
et al. stated ‘a MN should be large enough to deliver almost any drug but
still be small enough to avoid pain, fear and the need for expert training to
administer’ (Kim ez al.,2012b). As the SC is only 15-50 um thick in the dry
state, the MNs have been developed so they bypass the SC but avoid the
deeper tissues, which contain nerve endings and blood vessels, and so over-
come the drawbacks associated with hypodermic needles (Shawgo et al.,
2002; Xie et al.,2005).

In the last few decades, the development of new therapeutics has seen the
emergence of a large number of biotherapeutics. Due to the nature of these
molecules, .V via hypodermic needle is the most commonly employed
method of delivery. This allows the gastrointestinal tract and first-pass
metabolism to be avoided; however, the disadvantages noted above are
cause for concern. Previously the transdermal route was not a feasible route
to use to deliver these drugs, but through the utilisation of MN, the skin has
become a target for delivering these molecules. Using MN to circumvent the
SC, the range of drugs that can be delivered across the skin has been con-
siderably increased to include biotherapeutics and vaccines as well as low
molecular weight drugs. In addition to improving transdermal delivery, MN
has been shown to facilitate delivery to the eye, cell nucleus, and localised
tissue delivery.
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6.2 Fabrication of microneedles (IVINs)

Microelectromechanical systems (MEMS) technology is the most promis-
ing method to fabricate the optimal design of MNs for specific application,
as it allows for accurate replication of MNs to produce extremely precise
devices. It was the microelectronics industry that allowed the production
of these very small structures through microfabrication. The earliest MNs
were manufactured using standard microfabrication techniques to etch
arrays of micron-size needles into silicon (Henry et al., 1998). Since then,
they have been produced using a range of materials, such as ceramic, glass,
polydimethylsiloxane (PDMS), dextrin and polymers, as well as metal such
as stainless steel and titanium. They have also been produced in numerous
geometries, sizes, and shapes, with or without a bore, allowing use for dif-
ferent applications. Use of MEMS techniques has led to potential applica-
tions in biomedical fields (called BioMEMS), such as in drug delivery, DNA
sequencing devices, biosensors and chemical analysis systems (Ashraf et al.,
2011; Donnelly et al.,2012). The most common substrate material for micro-
machining is silicon. It has been successful in the microelectronics indus-
try and will continue to be in areas of miniaturisation for several reasons,
such as it is abundant, inexpensive compared to metal and ceramic, and can
be processed to unparalleled purity. Silicon’s ability to be deposited in thin
films is also very amenable to MEMS (Donnelly ef al.,2010b; Garland et al.,
2011; Kim et al.,2012b).

Most MN fabrication methods are based on the conventional microfab-
rication techniques of adding, removing, and copying microstructures utilis-
ing photolithographic processes, laser cutting, metal electroplating, silicon
etching, metal electropolishing and micromoulding (Kim et al.,2012b). The
three basic techniques in MEMS technology are the deposition of thin films
of material on a substrate, applying a patterned mask on top of a film by
photolithographic imaging, and etching the films selectively to the mask.

6.2.1 Thin film deposition

Thin film deposition involves processing above the substrate surface (typi-
cally a silicon wafer with a thickness of 300-700 pm). Material is added to the
substrate in the form of thin film layers, which can be either structural layers
or act as spacers later to be removed. MEMS deposition techniques fall into
two categories, depending on whether the process is primarily chemical or
physical (Madou Marc, 1997). In chemical deposition, films are deposited via
a chemical reaction between the hot substrate and inert gases in the chamber
at low or atmospheric pressure. Depending on the phase of the precursor,
chemical deposition is further classified into plating, spin coating, chemical
vapour deposition (CVD) (e.g. low pressure CVD, plasma-enhanced CVD,
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Table 6.1 Different MEMS deposition techniques

Physical vapour deposition CVD techniques Others deposition
(PVD) techniques techniques
eThermal evaporation e Plasma-enhanced CVD e Epitaxy
e Sputtering (PECVD) e Casting
e Molecule-beam epitaxy e Atmospheric pressure e Electrochemical
e lon plating CVvD deposition
e Laser ablation deposition e Low pressure CVD e Silk-screen printing
e Cluster-beam deposition (LPCVD) ¢ Plasma spraying

eVery low pressure CVD e Casting

(VLPCVD)

¢ Metallorganic CVD
e Spray pyrolysis

and very low pressure CVD), and atomic layer deposition. In physical depo-
sition, the raw materials (solid, liquid or vapour) are released and physically
moved to the substrate surface, e.g. thermal evaporation, sputtering and ion
plating. The choice of deposition process is dependent upon several factors,
e.g.substrate structure, operating temperature, rate of deposition and source.
These film layers are deposited and subsequently patterned using photolith-
ographic techniques, then etched away to release the final structure (Banks,
2006; Madou Marc, 1997). A summary of MEMS deposition techniques can
be found in Table 6.1.

6.2.2 Photolithography

Photolithography is a technique used to transfer copies of a master pattern
onto the surface of a substrate of some material (usually a silicon wafer).
The substrate is covered with a thin film of some material, e.g. silicon dioxide
(8i0,), on which a pattern of holes will be formed, as seen in Fig. 6.1. There
are different types of lithography, including photolithography, electron
beam lithography, ion beam lithography and X-ray lithography. Diamond
patterning is also an option for lithography. A thin layer of an organic poly-
mer, known as photosensitive or photoresist, which is sensitive to ultra-
violet (UV) radiation, is then deposited on the oxide layer (Fig. 6.1a). A
photomask, consisting of a glass plate (transparent) coated with a chromium
pattern (opaque), is then placed in contact with the photoresist-coated sur-
face (Madou Marc, 1997). The wafer is exposed to the illumination; the sim-
plest form is via the use of UV, transferring the pattern on the mask to
the photoresist, which is then developed (Fig. 6.1¢c). The radiation causes
a chemical reaction in the exposed areas of the photoresist, of which there
are two types: positive and negative. During the development processes, the
rinsing solution removes either the exposed areas or the unexposed areas
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6.1 Sequential processes in the transfer of a pattern to the substrate
surface.

of photoresist, either by wet (using solvent) or dry (using vapour phase or
plasma) and leaving a pattern of bare and photoresist-coated oxides on the
wafer surface (Fig. 6.1d). After that, the unwanted photoresist left after the
development process is removed by oxygen plasma treatment (Banks, 2006;
Donnelly et al., 2012; Madou Marc, 1997). The final oxide pattern is then
either a positive or negative copy of the photomask pattern and used as a
mask in subsequent processing steps (Fig. 6.1f). In MEMS, the oxide is used
as a subsequent mask for either further additional chemical etching creating
deeper 3D holes, or new layers on which to build further layers, resulting in
an overall 3D structure or device (Banks, 2006; Madou Marc, 1997).

6.2.3 Etching

Etching is a technique to cut the unprotected parts of a material’s surface
by using strong acid or a physical process to create a design in it, and can
be divided into two categories: wet etching and dry etching. The selection
of any of the abovementioned methods largely depends on the material of
construction and the type of MNs (Donnelly et al., 2012). It is used to etch
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the thin films previously deposited and/or the substrate itself. In wet etch-
ing the material is removed by immersion of a material (typically a silicon
wafer) in a liquid bath of a chemical etchant. These etchants are classified
into isotropic and anisotropic. Isotropic etchants attack the material at
the same rate in all directions. Anisotropic etchants etch material at dif-
ferent rates in different directions, so they are faster in a preferred direc-
tion. Potassium hydroxide (KOH) and tetramethyl ammonium hydroxide
(TMAH) are the most common anisotropic etchants. Structures formed in
the substrate are dependent on the crystal orientation of the substrate or
wafer. The dry etching technology can be divided into three classes: reactive
ion etching (RIE), sputter etching, and vapour phase etching. Deep reac-
tive ion etching (DRIE) is a higher-aspect-ratio, up to 50:1, etching method
involving an alternating process of high-density plasma etching and CVD.
This process, called BOSCH, was patented by Laermer and Schilp at Robert
Bosch GmbH in 1994 (Laermer and Schilp, 1996). For silicon, DRIE is one
of the most important promising technologies for high volume production.
The BOSCH process provides a tool to optimise fabrication parameters to
achieve high etch rate, high aspect ratio, straight sidewalls and small side-
wall scalloping. The probability of getting non-vertical, tapered sidewalls is
limited (Roxhed et al.,2007).

6.3 MN design parameters and structure

The shape and geometry of MN is critical during design and fabrication.
The needles must be capable of inserting into skin without breaking and
the needles should be of suitable length, width and shape to avoid nerve
contact (McAllister et al.,2003; Park et al.,2005; Yung et al.,2012). The elas-
tic properties of human skin can prevent MN from penetrating by twist-
ing around the needles during MN application, particularly in the case of
blunt and short MNs (McAllister et al., 2003). Metals are typically strong
enough, whereas polymers must be selected in order to ensure they have
sufficient mechanical strength. Typical MN geometries vary from 25 to 2500
pm in length, 50 to 250 um in base width and 1 to 25 pm in tip diameter
(McAllister et al.,2003; Yung et al.,2012).

Based on the fabrication process, the MNs are classified as in-plane MNs,
out-of-plane MNSs, or a combination as seen in Fig. 6.2. Considering the in-
plane designs (Fig. 6.2a), the MNs are parallel to the machined surface of the
substrate (e.g. Si wafer). The major advantage of in-plane MNs is easily and
accurately controlled production of MNs with various lengths during fabrica-
tion process. In out-of-plane designs (Fig. 6.2b), the MNs are perpendicular
to the fabrication surface of Si wafer and are easier to produce in arrays than
in-plane (Ashraf et al.,2011; Donnelly et al.,2012). MNs can also be classified
as solid, coated, dissolving, and hollow, according to the structure.
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(a) (b)

6.2 Scanning electron microscope (SEM) images of (a) in-plane MNs
(Daddona, 2002), (b) out-of-plane MNs (Donnelly et al., 2009b), and
(c) combined in-plane and out-of-plane MNs (Jae-Ho et al., 2008).

Iidi
i

6.3 Shapes of MN (a) Cylindrical; (b) Tapered tip; (c) Canonical; (d)
Square base; (e) Pentagonal-base canonical tip; (f) Side-open single
lumen; (g) Double lumen; (h) Side-open double lumen. (Source:
Adapted from Ashraf et al., 2011.)

MNss can be classified on the basis of overall shape and tip, ranging from
cylindrical, rectangular, pyramidal, conical, octagonal, to quadrangular, with
different needle lengths and widths. The tip shape of MNs is important for
skin penetration, because sharper MNs have higher potential for penetrat-
ing the skin, but larger tip diameters require higher insertion forces, which
may lead to bending or breaking of the needles in the skin (Arora et al.,
2008; Banga, 2009; Teo et al.,2006). In addition, the shape of the tips of hol-
low MNss is essential for the flow rate; the flow from a blunt-tip MN is lower
than a bevel-tip MN, because a blunt-tip MN compacts the skin and thus
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has higher risk of clogging (Bodhale et al.,2010; Luttge et al.,2007). To over-
come this problem, it should have very sharp tip, with the bore of the MN
off-centred or on the side of the MN. Increasing the number of bores in hol-
low MNs will increase the flow rate; nevertheless, this results in decreased
MN strength and a reduction in sharpness (Stoeber and Liepmann, 2002).
Figure 6.3 summarises the multiple geometries of MN available.

6.3.1 Solid MNs

As the name suggests, these MNs are solid with no openings in the structure.
In order to utilise these MNs for drug delivery, a variety of materials have
been used for manufacture, including metals (Gill and Prausnitz, 2007a;
Matriano et al.,2002),silicon (Gardeniers et al.,2003), glass (McAllister et al.,
2003), non-biodegradable polymers (Jin et al.,2009; Moon et al.,2005) and
biodegradable polymers (Park et al., 2005) (Table 6.2). The most common
materials are discussed below.

Silicon MN

Prausitz’s research group from Georgia Institute of Technology, Atlanta,
USA fabricated the first MN, which was made up of silicon. The Si wafer
was etched by an oxygen/fluorine plasma mixture in a RIE (a dry etching
process), with a chromium mask. The dimensions of needles were approxi-
mately 80 um at the base, 150 pm in length, and approximately 1 pm radius
of curvature at the tip. These needles were able to increase skin permeability
of calcein, insulin and bovine serum albumin (Henry et al., 1998; McAllister

Table 6.2 Lists of the most common materials used for fabrication of MN

Metals Synthetic polymer Natural polymer

Biodegradable Non-
biodegradable

Silicon Poly lactic acid Poly vinyl acetate = Carboxy methyl
(PLA) cellulose
(CMC)
Stainless steel Poly glycolic Alginic acid Amylopectin
acid (PGA)
Titanium Polycarbonate Gantrez AN139 Dextran
Palladium Poly vinyl Carbopol 971 Galactose
pyrrolidone P-NF
(PVP)
Nickel Polylactide-co- Polyetherimide Maltose
glycolic acid
(PLGA)
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et al.,2000). Wilke et al. (2005) fabricated silicon MN by a dry etching tech-
nique (a modified RIE), using a standard wafer of 525um thickness, and a
conical-shaped solid MN with an aspect ratio of 4.5:1 (height: base diame-
ter). As usual, undercut etch rate to vertical etch (using SF,/O,) was utilised
with the BOSCH-DIRE process (Wilke et al., 2005).

Another type of solid silicon MNs, called microenhancer arrays, were
etched from silicon wafers using lithography and potassium hydroxide etch-
ing, were able to deliver naked plasmid DNA into mice skin. These needles
measured 50-200 um in length over a 1cm? area and had a blunt tip (Mikszta
et al.,2002). The significance of this study was the feasibility of using blunt-
tipped MNss to scrape the skin for increased the delivery of DNA vaccine to
generate an immune response.

Roxhed et al. (2008a) fabricated sharp hollow silicon MN tips with side-
openings. In addition, the tips were sealed with a layer of gold coating, to
yield a closed-package system. The MNs were made on a 600 um thick,
monocrystalline silicon wafers using a two-mask process, an anisotropic
DRIE etch through the BOSCH process, and an isotropic SF, plasma etch-
ing. There were two designs of MN: a 310 pm long cross-shaped, and 400
pum long circular-shaped. Three different methods to open the gold seals are
burst opening, opening upon insertion into the skin, and electrochemical
opening (Roxhed et al.,2008a). Moreover, Roxhed et al. (2008b) integrated
the 400 um long circular-shaped HMN with an electrically controlled lig-
uid dispensing unit to form a patch-like drug delivery system. This liquid
dispenser was made up of three different layers: a 500 um thick printed
circuit board (PCB) heater layer, a 500 um thick expandable layer (a mix-
ture of silicone elastomers), and a liquid reservoir (total volume of 12 pL).
This integrated device was used for delivery of insulin in diabetic rats and
showed consistent control over blood glucose levels (Roxhed et al.,2008b).

Metal MNs

Metal MN have good mechanical strength, are easy to fabricate, relatively
inexpensive, and the metals used, such as stainless steel, titanium, and nickel,
have established safety records in FDA medical approved devices (Gill and
Prausnitz, 2007a). They have been fabricated by laser cutting (e.g. stainless
steel), wet etching (e.g. titanium), laser ablation, and metal electroplating
methods (Kim et al., 2012b). The smallest used hypodermic needles (30/31
G) were translated into arrays of MNs. A research group at Alza Corp
reported titanium MN arrays (commercially called Macroflux®) fabricated
by applying a thin layer of photoresist onto a titanium or stainless steel
sheet, contact-exposing and developing the resist with the desired pattern,
and bending the arrays to a 90° angle (relative to horizontal sheet plane),
which ranged from 175-430 pm in length, 190-320 arrays/cm? over an area of
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2 cm?, base width 170 pm and thickness 35 um. These microprojection arrays
were able to deliver oligodeoxynucleotides, ovalbumin, synthetic peptide,
and human growth hormone across hairless guinea pigs’ skin (Cormier and
Daddona, 2003).

Omatsu et al. (2010) fabricated MNs on a metal surface based on laser
ablation using circularly polarised optical vortices having non-zero total
angular momentum, known as twisted light with spin, for the first time. The
needle showed a height of at least 10 um above the target surface and a tip
diameter of less than 0.5 um. They also demonstrated the fabrication of a
two-dimensional 5 x 6 MN array. This technique forms a metal MN by depo-
sition of a few laser pulses onto a metal target, significantly improving the
time and cost of fabrication of two-dimensional metal MN arrays (Omatsu
et al.,2010).

Bai et al. (2012) fabricated micro-nickel needle arrays by Lithographie,
Galvanoformung, Aboformung (LGIA) process, which is a high aspect ratio
fabrication technique based on polydimethylsiloxane (PDMS) mould and
nickel transfer technology. The density of the array was 900 MN/cm? and the
height was 150 um; the advantages of this fabrication method are in forming
complex 3D micro metal structures, low cost, and high throughput.

Ceramic MN

The use of ceramic materials raised the possibility to fabricate solid and
porous MNs, which could be loaded with liquid for drug delivery or diag-
nostic sampling (Bystrova and Luttge, 2011). Solid ceramic MNs were
fabricated by micromolding alumina slurry using a (PDMS) MN mould
and ceramic sintering (Donnelly et al., 2012; Kim et al., 2012b). Bystrova
and Luttge (2011) from University of Twente, the Netherlands, fabricated
ceramic MNs by the micromachining of the SU-8/Si master, which allowed
a variety of needle geometries, such as disc shape. The multiple replication
of the PDMS mould gives a low cost production mould that can be reused
for ceramic (Bystrova and Luttge, 2011).

Ceramic MNs have also been lithographically fabricated using a two-pho-
ton-induced polymerisation approach. An intense laser was scanned within
a photosensitive polymer—ceramic hybrid resin using a galvano-scanner and
a micropositioning system to induce polymerisation locally in the shape of
the MN (Bystrova and Luttge, 2011; Kim et al., 2012b).

Coated MNs

The micron lengths of needles enforce special coating formulation to obtain
uniform coatings and spatial control over the region of the MN to be coated,
because the effects of surface tension, capillarity and viscous forces become
more prominent at these small length scales. Therefore, for coating drug
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formulation, solid MNs should be composed of surfactants to facilitate wet-
ting and spreading of the drug solution on the MN surface during the coat-
ing process, viscosity enhancers to increase coating thickness, and stabilising
agent to protect and stabilise biomolecules during drying and storage (Choi
et al.,2012; Gill and Prausnitz,2007b). In addition, coating solution excipients
and solvent should be safe for human use, and the coating method should be
compatible with manufacturing processes and not damage coated drugs.

In 2012, Peters and colleagues from Zosano Pharma, Inc., California,
USA, demonstrated for the first time that erythropoietin Alfa (EPO) can
be formulated at high concentration and coated onto an MN patch without
loss of efficacy or formation of insoluble aggregates. In this study, titanium
MN arrays were made by photo/chemical etching, and the drug formulation
which was 15% w/w EPO, 15% w/w sucrose and 0.2% w/w polysorbate 20
coated on the MN array, was spun at 50 rpm, in a drug formulation reservoir
(2 mL in volume) to produce a thin film of drug with controlled thickness
of ~100 pum. The tips of the needles were dipped into the thin film, and the
coating per area adjusted by the number of dips. The time between each dip
coating was less than 5 s, which was enough to allow the coating to dry. The
dose per patch was also optimised by the MN array area (from 0.3 to 3 cm?)
(Peters et al.,2012). DeMuth et al. (2010) fabricated multilayer-coated MN,
which achieved transcutaneous delivery of plasmid DNA to the epidermis.
Plasmid DNA was delivered to the skin by MN application to achieve co-
localisation with Langerhans dendritic cells (DeMuth et al., 2010).

6.3.2 Hollow MNs

Hollow MNs (HMN) are of interest for pharmaceutical application because
they enable transfer of a wide range of molecules transdermally with the
advantages of hypodermic injection, such as rapid onset action without the
drawbacks (e.g. pain, skin reaction). The flow rate can be modulated for a
rapid bolus injection, a slow infusion, or a time varying delivery rate. HMNs
can be integrated into a smart biomedical device consisting of a biosensor,
and blood sampling and drug delivery systems (Donnelly et al., 2012; Kim
et al.,2012b; van der Maaden et al.,2012).

HMNs were made of glass; polymer and metal have been prepared from
substrates by conventional fabrication methods. These needles have been
produced either from material substrate of MEMS directly, or from mul-
tiple substrates with different physicochemical properties to be utilised as
sacrificial layer and fabricated by different techniques including laser micro-
machining, DRIE of silicon, an integrated lithographic moulding technique,
deep X-ray photolithography, and wet chemical etching and microfabrica-
tion (Kim et al.,2012b).
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McAllister et al. (1999) demonstrated the first out-of-plane HMNs The
fabrication process combined a solid silicon MN with the BOSCH process
to form a needle bore, 150 um long HMN and microtubes. The paper also
presented the fabrication of metal HMNs which were fabricated by electro-
plating the needles (lost-mould technique), had bore openings of 10 um in
diameter, and penetrated epidermal tissue in vitro. Kim et al. (2004) dem-
onstrated later in the same way the fabrication of metal HMNs by electro-
plating needles on solid MN arrays made of SU-8. The silicon HMNs were
fabricated by the BOSCH process to create hollow shell structures with
high aspect ratio, after which isotropic and wet etching processes were used
to obtain sharper tips. To obtain a polymer HMN, a drilling process, to make
the bore hole, and milling, to create the bevelled tip shape out of polyphe-
nylsulfone polymer, were utilised (Daugimont et al.,2010).

6.4 Strategies for MN-based drug delivery

MNs manufactured using a variety of materials such as metals (Gill and
Prausnitz, 2007a; Matriano et al., 2002), silicon (Gardeniers et al., 2003),
glass (McAllister et al.,2003), non-biodegradable polymers (Jin et al.,2009;
Moon et al., 2005) and biodegradable polymers (Park et al., 2005) have
been used for enhancing TDD. Four main approaches, one using hollow
MNs and the other three utilising solid MNs, have been utilised, as shown
in Fig. 6.4.

6.4.1 Skin pretreatment: ‘poke and patch’

Skin pretreatment produces microconduits through which molecules are
able to travel (Banga, 2009; Singh et al., 2010) (Fig. 6.4a). Drugs are con-
tained within a patch or a semi-solid topical formulation that is applied over
the area where the MNs were applied (Williams, 2003). This method is suit-
able for both localised delivery to the target tissue but also systemic deliv-
ery. The delivery of drugs via this method initially investigated the feasibility
of delivering molecules such as calcein (623 Da), across the skin with and
without using MNs. An increase in permeability of around 10 000-fold was
observed when MNs were applied for 10 s, while application of the MNs
for 1 h prior to removal resulted in a 25 000-fold increase in calcein per-
meability (Henry et al., 1998). Naltrexone delivery was investigated across
both guinea pig and human skin by the delivery of drugs to human skin by
this method. After application of the MNs, elevated levels of naltrexone in
the plasma were observed for 3 days following, compared to non-treated
MN skin. Permeability of the guinea pig skin to the hydrophilic naltrex-
one hydrochloride was augmented 10-fold with similar results observed for
human skin (Banks et al., 2008, 2010).
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6.4 (a) Solid MNs applied and removed to create micropores followed
by the application of a traditional transdermal patch. (b) Solid MNs
coated with drug molecules applied for instant delivery. (c) Polymeric
MNs which remain in skin and dissolve over time to deliver the drug
within the MNs. (d) Hollow MNs for continuous drug delivery or body
fluid sampling. (Source: Adapted from Arora et al., 2008.)

More recent work has produced data relating to the localised delivery
of phenylephrine (PE) to the anal sphincter muscle using MN for the
treatment of faecal incontinence. Pretreating human cadaver skin with an
array of 50 MN resulted in a 6-fold increase in the amount of PE deliv-
ered, with a 100 MN array increasing the amount delivered by 10-fold
compared to without MN treatment (Baek et al.,2011). A further appli-
cation of this approach has been in the delivery of S-aminolevulinic acid
(ALA) used in photodynamic therapy, which involves the combination
of photosensitisers and light to kill target cells (Dai et al., 2009; Donnelly
et al.,2008). Topical delivery of ALA has shown good clearance rates and
is not associated with cutaneous photosensitivity, and therefore can treat
superficial lesions successfully. Deeper lesions, however, are resistant to
this method of delivery as ALA is hydrophilic and therefore can only
penetrate the top layers of tissue. Pretreatment of murine skin with sili-
cone MN for 30 s and then the application of ALA-containing patches
saw no significant change in ALA levels in deeper tissues, but there was
a reduction in application time and the ALA dose necessary to produce
high levels of the photosensitiser protoporphyrin IX in skin (Donnelly
et al.,2008).
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6.4.2 Dissolving, swelling or porous MN: ‘poke and
release’

This method of delivery involves application of the MNs, which either can
dissolve/swell, or can contain pores, through which drug will diffuse into
systemic circulation (Fig. 6.4c). The materials from which the MNs are pro-
duced act as drug depots holding the drugs until the trigger for release
occurs, i.e. dissolution or swelling (Van der Maaden et al.,2012).

Dissolving MNs upon insertion into tissue is the trigger for drug release
that is encapsulated within the needles. Both sugars and polymers have
been utilised to produce these MNs with the degradation of the structures
over time resulting in no fragments being left in the skin or hazardous
waste (Migalska et al., 2011; Sullivan et al., 2008). Initial studies involving
dissolving MNs employed organic solvents and elevated temperatures for
production, which caused concern in relation to the stability of drugs, espe-
cially those of a proteinaceous nature (Park et al.,2006; Sullivan et al.,2008).
Sugars such as maltose and galactose were used to fabricate these MNs
but elevated temperatures of over 100°C were required to produce molten
forms of these sugars, known as caramels (Donnelly et al., 2009a; Miyano
et al., 2005). Alternatively, Lee et al. in 2008 used polylactic acid (PLA),
carboxymethyl cellulose (CMC), amylopectin and bovine serum albumin
(BSA) as dissolving materials for the delivery of a range of molecules to
the skin. Those MN formulations with drug only in the needle shaft were
hypothesised to be useful for bolus dosing due to rapid dissolution, con-
firmed by the study of sulforhodamine in the porcine skin 5 min after inser-
tion of the MN. Prolonged release from these systems is not possible due to
the small loading capacity of the MN. In order to extend the delivery life
of the system, drugs were also incorporated into the backing layer, or only
into the backing layer and not the needles, meaning a reservoir of drug was
available. Prolonged release of over 1 day was observed with CMC MNs
containing sulforhodamine. Encapsulation of the protein, lysozyme, inside
the MN matrix for dissolution was also shown to have no adverse effects on
the secondary structure (Lee et al., 2008). The encapsulation of other drugs
such as erythropoietin and enzymes within dissolving MNs has been shown
to retain the activity of the drugs even after 2 months of storage, which is
encouraging (Ito ez al.,2006; Lee et al.,2008; Sullivan et al.,2008). In a study
by Li et al., the maltose MN dissolved within 1 min, with the microconduits
formed remaining open for 24 h, allowing the rapid delivery of monoclonal
antibodies (Li et al.,2009).

Hydrogels are macromolecular polymeric materials that are crosslinked
to form a 3-D network that permits the retention of relatively large volumes
of water, while avoiding solubilisation in an aqueous environment (Kim
et al.,1992; Peppas et al.,2000). Therefore, this swelling property of hydrogel
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MNs allows fluid uptake that in turn allows dissolution of drug within the
MN to provide continuous drug diffusion from the MNs into surrounding
tissue. Release from these structures can be controlled by alteration of the
polymer or polymer content that in turn affects the swelling behaviour
(Hennink and van Nostrum, 2002; Hoffman, 2002; Kim et al., 1992). In a
recent study conducted by Kim et al., hydrogel microparticles were incorpo-
rated into the hydrophobic polymer, poly(lactic-co-glycolic) acid. Insertion
into porcine cadaver skin resulted in the microparticles swelling, resulting in
rhodamine release. This design can also serve as a method to deliver hydro-
phobic drugs as well as hydrophilic (Kim ez al., 2012a). Similarly, we have
showed, for the first time, hydrogel-forming MNs prepared from crosslinked
polymers, which contain no drug themselves. Instead, they rapidly take up
skin ISF upon skin insertion to form continuous, unblockable, hydrogel
conduits from attached patch-type drug reservoirs to the dermal microcir-
culation. This technology has the potential to overcome the limitations of
conventional MN designs, and greatly increase the range of drug deliverable
transdermally. Using these novel MNs we have shown sustained delivery of
molecules of different molecular weights, such as BSA (67 000 Da), insulin
(6000 Da), theophylline (180 Da), metronidazole (171 Da), caffeine (194
Da) and methylene blue (320 Da) (Donnelly et al.,2012).

Porous MNs have been manufactured from both non-biodegradable and
biodegradable materials, with biodegradable materials being favoured due
to the inherent weakness of these structures compared to solid MNs (Park
et al.,2007). The structural weakness may result in fracturing of the needles,
therefore if non-biodegradable materials are used fragments of the mate-
rial may be left in the skin once drug delivery has ceased and the needles
are removed. A progression on this technology incorporates a solid silicone
MN with a macroporous silicone tip. Macroporous silicone is biodegradable,
and therefore this overcomes the problem non-biodegradable tip fragments
being left in tissue, and therefore offers an alternative method of drug load-
ing (Jiet al.,2006).

6.4.3 Coated MN: ‘coat and poke’

Coated MNs can provide extremely quick drug delivery, in some cases
within one minute. The most common method for producing these MNss is
to dip-coat the needles in the drug solution once or repeatedly (Bariya et al.,
2012) (Fig. 6.4b). Drug delivery is limited, due to the small dimensions of the
MN shaft and tip, and therefore the area for coating is typically low (i.e. up
to 1 mg) due to smaller MN arrays (Gill and Prausnitz, 2007b); this method,
therefore, is normally reserved for potent drug molecules such as vaccines
(Bal et al.,2010; Banga, 2009). Thick layers of drug coating are not feasible,
as low skin delivery efficiency has been shown resulting from a blunting of
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the MN and therefore poor penetration (Chen et al., 2009; Cormier et al.,
2004; Matriano et al.,2002; Xie et al.,2005). Both hydrophilic and hydropho-
bic drugs, along with microparticles, proteins, DNA and RNA, have been
delivered in this manner (Bal ef al., 2010; Cormier et al., 2004; Gill et al.,
2010; Gill and Prausnitz, 2007a, 2007b; Xie et al., 2005). A variation of this
delivery method uses the ‘dip and scrape’ method, which involves the scrap-
ing of previously coated solid MN across the skin (Mikszta et al.,2002). This
action produces very small abrasions that provide access to the lower layers
of tissue. However, some difficulties have arisen due to potential skin irrita-
tion and lack of control over drug delivery (van der Maaden et al.,2012).

6.4.4 Continuous drug delivery using hollow MNs: ‘poke
and flow’

Hollow MNs are used to deliver drug solutions via the ‘poke and flow’
method, which involves insertion of the MN into tissue and then a drug
solution can be transported through the bore of the MN in similar fashion to
a hypodermic needle (Gardeniers et al., 2003; Wang et al.,2006) (Fig. 6.4d).
Due to the limited amounts of drug that could be administered by the other
conformations of MNs, hollow MNs were developed (Bariya et al., 2012).
Passive diffusion of the drug solution may occur through the MN, with active
delivery allowing more rapid rates. Active delivery requires a driving force,
which may be produced by a number of methods that have been detailed
in literature. Commonly, a syringe is used to drive the solution through the
MN into the tissue, but some studies have combined the MN systems with
a pump or pressurised gas (Amirouche et al., 2009; Bal et al., 2010; Gupta
et al.,2009; McAllister et al., 2003). This method of delivery, however, does
have distinct shortcomings in that flow rates are normally less than 300 nL
min~! (Martanto et al., 2006; Roxhed et al., 2008b; Wang et al., 2006), with
higher rates of administration in the order of ul. min™ requiring the incor-
poration of hyaluronidase into the formulation to degrade the skin collagen
fibres (Martanto et al., 2006). Also, as the bore of the MN is small, there is
a risk of blockage, which would prevent further delivery of drug solution
(Jiang et al.,2009).

A study conducted by Gupta et al utilised a single hollow MN to deliver
local anaesthesia, lidocaine. This method of delivery was compared to the
conventional mode of using a hypodermic needle to deliver the lidocaine
intradermally. Results showed that the subsequent levels of local anaesthe-
sia were the same for each method but patient satisfaction with the MN
technique was much greater due to a reduction in pain observed determined
by VAS pain scores. Consequently, 77% of the participants favoured MNs,
and 80% indicated that they did not deem the MNs to be painful (Gupta
et al.,2012). Insulin delivery through hollow MNs has been investigated by
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a number of research groups. A study conducted by McAllister et al. in 2003
involved the microinfusion of insulin through hollow MNs to diabetic, hair-
less rats. A drop in blood glucose levels of over 70% from was observed in
comparison to preinfusion levels and also compared to control rats infused
saline, and those with insulin solution applied topically (McAllister et al.,
2003). In a similar experiment carried out in male Sprague Dawley hairless
rats using metal MNs, the post-infusion blood glucose level was reduced by
47% in comparison with the preinfusion levels. Negative control investiga-
tions showed that topical insulin without MNs produced undetectable levels
of plasma insulin (Davis et al.,2005).

6.4.5 Challenges relating to microneedles and drug
delivery

MN development is a vast and ever-expanding area of research and this is
demonstrated by a large number of patent applications that have been filed.
Many of these patents focus on the design of MN and not the final develop-
ment of a viable drug delivery device. Each of the systems mentioned previ-
ously that utilise MN to deliver a range of drugs would still be considered to
be in the developmental stage. The challenge with this technology lies in the
production of a viable and useable complete system that would allow effec-
tive amounts of drug to be delivered across the skin. Decades of research
have yet to yield a single product, due to difficulties in development.

First in terms of MN design, as has been alluded to, hollow MNs carry
a risk of blockage and they are structurally weaker than the other confor-
mations. When considering coated MNs, only a thin coating layer of drug
solution is possible, to avoid blunting of the tip and poor penetration. The
tips of solid MNs have also been shown to fracture once inserted into skin,
which could result in immune reactions to foreign bodies (Chen et al.,2008).
The ‘coat and poke’ method of drug application has an inherent disadvan-
tage; this is a two-step process, which may limit its ease of use compared to
other methods (Garland et al.,2011). The material used to manufacture the
MN can result in a number of issues in relation to the use in drug delivery.
Solid MNs produced from metals can leave metallic traces in the skin, which
in turn may result in irritation, erythema and swelling among other effects
(Donnelly et al., 2011). The ‘ideal’ MN has not been identified, due to the
vast number of variables in design and manufacture. This area is therefore
an ongoing topic of research worldwide. Attention must also be paid to the
potential site of MN application when delivery of drugs is an aim. As is
widely known, the thickness of our skin varies across our bodies and also
between individuals. This factor poses an issue in relation to bioavailabil-
ity variation, and needs to be considered when developing delivery systems
(Godin and Touitou, 2007).
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Even without considering t