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12.1 Introduction

In recent years, applications of lab-on-a-chip, microfluidics,
and bioMEMS devices have ranged from basic research on
macromolecules (e.g., DNAs and proteins), cells, tissues, and
organisms to clinical applications (e.g., blood analysis, dis-
ease diagnosis, and drug delivery). The device design and the
final packaging of the devices demand two very important
aspects of compatibility. First, the fabrication processes and
sequences of all components (including device or reagents)
need to be compatible with each other. Second, the devices
and their packaging need to be biocompatible, whether it is
referring to minimizing sample contamination, optimizing
sample interaction with device/packaging materials, or
eliminating immune responses to implanted devices. There-
fore, in designing these biochips, one has to consider not only
the functionalities but also the packaging scheme with the
final product and the environment in which it will be used.

This chapter is organized to address packaging issues in a
variety of applications, packaging schemes that are com-
monly used, the types of interfaces one needs to think about
(e.g., interface with the outside environment and interface
between devices), and the materials of choice and their
modifications. In designing a good packaging scheme, one
needs to strategize in terms of constraints and a series of
trade-offs. No packaging scheme is universal, and there
exist many options. Depending on how the devices are
designed and how they are intended to be used, the packaging
scheme can be very different, and aspects that have smaller
design space (miniaturization) need to be considered first. For
example, if an implantable device needs to be packaged, the
most important aspect is the biocompatibility; next, one
needs to consider where the device is to be implanted and

then match the mechanical properties of the tissues and
consider all the geometrical constraints. More than often,
the infrastructure that is available to manufacture the devices
and the packaging will also put constraints on selecting the
processes. For industrial applications, overall cost is likely an
important parameter.

This chapter aims to point out some standard solutions and
research opportunities in bioMEMS packaging and will refer
to many primary research articles for detailed information on
existing technologies.

12.2 Packaging Schemes Based
on Application

12.2.1 Portable and Point-of-Care (POC)
Diagnostics and Analysis

Owing to their small size, bioMEMS are ideal platforms upon
which to design portable and point-of-care (POC) diagnostics
and analytical systems. Portability is an essential consider-
ation in the design and packaging of systems intended for use
in resource-poor or similarly challenging environments.
These environments lack the infrastructure of typical “devel-
oped-world” clinical laboratories, which provide stable elec-
trical power, cleanliness, refrigeration, and highly trained
personnel. Interest in developing bioMEMS-based portable
analytical systems originated in the 1990s from the US
Defense Advanced Research Projects Agency (DARPA),
seeking to enhance chemical and biological weapons detec-
tion and to improve battlefield medical care. More recently,
interest from both governmental and charitable organizations
has led to significant investments in developing portable
diagnostics to avert epidemics in poor and remote
geographies [1, 2].

The design and packaging of portable diagnostic systems
must satisfy a challenging set of requirements. Such
requirements include (i) small size and weight, (ii) full
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integration of necessary functions (unit operations), (iii) low
power consumption, (iv) easy operation by potentially
non-skilled personnel, (v) functionality in wide temperature
ranges, (vi) ruggedness and mechanical protection, (vii) pro-
tection from dust or other contaminants, and (viii) low cost.

The packaging schemes that have emerged to address the
above requirements can be grouped into two broad
categories. The first category focuses upon integrating as
many functions as possible onto a single chip in order to
maximize portability. The second category consists of
systems that are partitioned into two components: (i) a dis-
posable chip (or cartridge) and (ii) a readout machine
(or scanner). The cartridge is inserted into the scanner, read
and analyzed, and then discarded. Both the integrated and
partitioned categories are discussed in the following sections.

12.2.1.1 Integrated BioMEMS Packaging Schemes
Integrating functions onto a single bioMEMS device are the
central aim for packaging diagnostic systems when size and
weight are the most important criteria. Basic functions in a
typical diagnostic system include fluid handling (i.e.,
pumping and mixing), reagent storage, species separation
and concentration, and detection. Today, diagnostic chips
that integrate all necessary functions are rare. In most cases,
the devices are designed with a specific function in mind.

The major challenges in portable chip-scale integration
involve fluid handling, detection, and electrical power.
Fluid pumping for analytical purposes has traditionally been
carried out using macroscale machines (i.e., peristaltic,
syringe pump). Likewise, analyte detection is normally
accomplished using complex optical or spectroscopic
techniques that require bench-top equipment, which are usu-
ally expensive and bulky. In such forms, both functions
require power sources that exceed the latest capabilities of
portable batteries. To circumvent these challenges, integrated
biochips must often rely upon passive fluid transport
mechanisms (e.g., capillary action) and simplified “yes/no”
detection readouts for portable diagnostics.

Immunochromatographic Test Strips The classic example
of integrated, portable diagnostic devices is immunochroma-
tographic strip (ICS) tests. ICS tests are packaged with a strip
of fibrous material that is divided into a sample pad, conju-
gation/labeling region, and detection zone. The strip is
contained in a plastic casing with access windows over the
sample pad and detection zone. Fluid samples are transported
along the strip via capillary action through the pores and
channels in the fibrous material and are bound to an antigen
(or by an antibody) as they pass through the labeling region.
Typically, a dye is labeled to the analyte, allowing for easy
visual readout by the operator. ICS tests have been success-
fully deployed “in the field” for over 10 years to diagnose
infectious agents like diphtheria toxin [3] and various

sexually transmitted diseases [4–6]. The ICS packaging
scheme is advantageous because it does not include any
active power source. In addition, materials and reagents are
off-the-shelf, inexpensive, and compatible with high-volume
production methods.

The primary drawback of ICS design is its relatively crude
“yes/no” readout mechanism (although visual readouts can
also be an advantage if the operator is non-skilled). Paper-
based microfluidic systems are being developed that provide
colorimetric readout of digital images [7–9]. Such systems
are comprised of a paper sheet that is embedded with a
photoresist pattern that guides sample fluid into different
detection zones. Each zone contains different labels for par-
allel diagnoses. Paper-based systems exhibit the same pack-
aging advantages as ICS systems. However, the image
acquisition is performed using a digital camera, which
reduces the degree of integration but increases the precision
of the measurement due its semi-quantitative nature. For both
ICS and paper-based microfluidics, this simple packaging
scheme is compatible with the economic requirement of the
applications.

Electrical Detection In order for portable diagnostics to
provide fully quantitative measurements, researchers are
investigating ways to miniaturize sophisticated detection
components and package them on-chip. The most actively
researched techniques are electrical, mechanical, and optical.
To achieve electrical detection on-chip, conductive
electrodes are integrated into the flow path of the sample
fluid. The electrodes are typically metallic and are sometimes
functionalized with molecular probes or modified with a
selective membrane. The simplest packaging configuration
for electrical detection is to pattern electrodes on a planar
substrate, which is interfaced with another substrate that
contains the sample flow path (Fig. 12.1). Several examples
of this configuration exist, most notably for glucose and urea
detections [10, 11], where a current or a potential is measured
as a result of redox (reduction and oxidation) reactions on the
substrate. A similar packaging configuration enables ICS test
strips to give fully quantitative outputs using screen-printed,
disposable electrodes that couple to quantum dot labels
[12]. Also, highly sensitive and reversible electrical detection
of antibodies has been demonstrated using silicon nanowires
grown on an oxidized silicon surface and coupled to a
polydimethylsiloxane (PDMS) flow channel [13, 14]. The
challenge is that often sensitive off-chip electronics are
needed to detect minute changes in current or potential.

Mechanical Detection On-chip mechanical detection has
been achieved using a two-substrate packaging scheme simi-
lar to electrical detection. Mechanical detection has been
demonstrated using micro- and nanoscale cantilever beams
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that are machined from bulk silicon using MEMS fabrication
techniques and functionalized with the appropriate capture
probes [15, 16]. A change in the surface stress or resonance
frequency of the cantilever indicates binding of biological
species. The cantilever’s mechanical output is then measured
in two ways: (i) optically, by tracking the change in location
of a laser beam reflected off the cantilever or (ii) electrically,
by coupling a piezoresistive element to the edge of the beam.
As a result, cantilever detectors must be packaged in a man-
ner that can interface to optical components or electrical
leads, respectively. Specifically, optical detection would
require a viewing aperture with a transparent substrate (and
laser beam alignment and position detection), while electrical
detection would require attachment of leads to bond pad
arrays (Fig. 12.2).

Because of such additional components, portable and fully
integrated cantilever- based diagnostic systems have yet to be
realized. However, a major advantage of cantilever-based
detection, which is the ability to detect molecules without
attaching optical (e.g., fluorescent) labels to the molecules
themselves, motivates continuing research. Label-free, stress-
based detection has been demonstrated with DNA and
proteins [17, 18, 21, 22]. In addition, resonance-based detec-
tion has been demonstrated with cells [20] and viruses [19]. A
particularly novel resonator is configured so that the sample
flows through a microchannel in a hollow cantilever, which
enables sub-femtogram measurement resolution
[23, 24]. High sensitivity is made possible by packaging the
cantilever and drives electrode under high vacuum in a her-
metically sealed cartridge. Such innovation in both fabrica-
tion and packaging is a good example of collaboration
between academia (MIT) and industry (Innovative Micro
Technology, Inc. and Affinity Biosensors). Although some
progress has been made in this area in miniaturizing and

integrating the detection modules, most mechanical detection
chips still require some off-chip components (i.e., optics).
This area therefore remains an active research area for
miniaturization.

Optical Detection The miniaturization and integration of
optical detection on-chip is also an active area of research.
Packaging schemes vary dramatically, depending on which
optical components are deemed critical for integration. The
most basic approach is to attach a separate module
containing a miniaturized excitation source and photodetec-
tor directly to a chip containing the appropriate flow net-
work. Although it is not true chip-scale integration, the
modular approach confers advantages with respect to flexi-
bility and convenience, while maintaining acceptable
(though not ideal) size and weight. Such an approach has
been successfully employed to couple a glass capillary
electrophoresis chip to a light-induced fluorescence (LIF)
module to detect protein biotoxins (i.e., ricin, botulinum
toxin) without preconcentration [25].

A similar modular approach assembles a miniature diode
laser, sample well plate, and detection chip. The use of a self-
contained detection chip in lieu of a full-size camera makes
the assembly better suited for field use, and diffractive optics
split the excitation beam into 16 channels, resulting in paral-
lel analysis of 16 corresponding wells. The chip-to-plate
approach is shown to detect low concentrations of Bacillus
globigii, a surrogate marker for Bacillus anthracis, utilizing
ELISA signal amplification to compensate for the detection
chip’s limited sensitivity [26].

True on-chip integration of optical components has been
achieved on a limited basis. The concept of a “microscope-
on-a-chip,” integrating miniature lenses and complementary
metal oxide semiconductor (CMOS) detectors on-chip, has
been investigated [27]. Optical fibers micromachined with
angled grooves have been embedded underneath microfluidic
chips to guide excitation beams into multiple flow channels
simultaneously [28]. Similarly, optical fibers have also been
directly inserted into waveguides patterned in photoresist
(SU-8, a multifunctional epoxy negative photoresist,
manufactured by MicroChem Corp.) [29].

Using soft lithography, the fabrication of several optical
components, such as beam splitters, lenses, and prisms, has
been shown [30]. Moreover, integrated circuit
(IC) fabrication techniques have been utilized to produce
monolithic light- emitted diodes (LEDs), photodetectors,
and optical fibers [31]. From a packaging standpoint, this
represents a high degree of integration, uniting the excitation
source, waveguides, and detectors onto a single silicon chip
that is attached to a PDMS microfluidic flow channel. In a
similar display of high integration, optical waveguides in
photoresist, an optically pumped dye laser, and photodiodes
embedded in silicon have been integrated on-chip

device cover 

sensing electrodes 

device substrate 
fluid flow channel 

Fig. 12.1 Electrodes used for sensing are deposited on the surface of
the device, with the sensing portion protruding into the fluidic
components. Packaging materials compatible with the manufacturing
requirements have to be chosen. For example, if the device is to be
polymer based, deposition of metal electrodes will be complicated and
will require modification of the polymer
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[32]. On-chip optical integration is a large and diverse field
[12, 33]. Nevertheless, the field is still in its infancy,
providing few portable packages for diagnostic applications
today.

Other Components The portability of diagnostic devices
has been improved by the integration of other components,
such as vapor barriers to prevent the evaporation of fluids
from microfluidic systems constructed from gas-permeable
elastomers [34]. Also, on-chip diaphragm-based pumps and
valves, which rely upon thermal actuation from resistive
losses from adjacent electrodes, have been integrated into a
portable polymerase chain reaction-capillary electrophoresis
(PCR- CE) system [35]. Furthermore, the storage and release
of reagents on-chip has been addressed by the integration of
torque-actuated screw valves, which eliminates the necessity
for electrical power when closing or opening microfluidic
flow paths [36].

Integration Outlook Although the full integration of all
essential functions onto a single chip has not been realized,
some devices have come very close to being total analysis
system “on a chip” [37–39]. As previously discussed, fluid
handling, detection (i.e., electrical, mechanical, optical), and
electrical power are the major challenges in developing a
fully integrated device. In addition, stored reagents could
also add to the bulk of a diagnostic chip. The trade-off one
makes as more functions are integrated on-chip is that detec-
tion sensitivity typically decreases. In addition, the cost per
chip increases. Because of these limitations, the idea of
inserting a simple and disposable diagnostic chip into a

separate scanner box could provide a workable compromise
between portability and performance.

12.2.1.2 Portable BioMEMS Chip in Tandem
with a Readout Box

By partitioning a portable diagnostic system into a disposable
chip and a scanner, not only can high performance be
provided, but also cleaning and per-test costs are reduced.
From the design standpoint, a major task is to decide what
mix of functions will be located on the disposable chip versus
on the reader. Careful consideration will result in functions
that are located in a manner that maximizes the combined
benefit of detection sensitivity, ease of use (during testing and
maintenance), and low cost. From there, packaging can be
developed that properly interfaces the chip to the reader and
the reader to the operator. Figure 12.3 illustrates the concept
of the partitioned approach.

A champion of the partitioned design concept is the Yager
Research Group at the University of Washington. Its devel-
opment of a disposable diagnostic card for saliva testing is an
insightful case study [2, 40]. Most active functions, such as
fluid pumping and surface plasmon resonance [41] excitation
and detection, are located on the scanner. Functions located
on the chip, which include sample preconditioning, mixing,
and assaying, are specifically designed to be passive in
nature. For instance, the mixing region relies upon chaotic
mixing that is induced by herringbone structures as fluid
flows through the channel. Also, the diffusion of small
molecules across the interface of two laminar flow streams
(buffer and sample) is utilized to precondition the sample
before assay. Such a preconditioning approach cleverly

a) NON-RESONATING MODE

laser 
package optical 
access port 

position-based 
detector 

ligand 

capture 
probes gas or

liquid phase 

b) RESONATING MODE 

vibration 

piezoelectric element 
(electronic packaging and access) 

Fig. 12.2 Mechanically based
bio-detection via cantilever beams
requires optical and electrical
access in packaging. (a) A stress-
based cantilever functionalized
with capture probes is exposed to
fluid containing a ligand of
interest; attachment of the ligand
causes the beam to deflect,
changing the angle of reflected
light. DNA hybridization and
protein–protein interactions have
been reported using stress-based
methods [17, 18]. (b) A
resonance-based cantilever
responds by changes in resonance
frequency due to changes in mass
as ligand attaches to capture
probes [19, 20]; piezoelectric
actuation requires electrical leads
and interconnects in packaging.
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removes the necessity for less portable preconditioning
methods (e.g., centrifugation). The chip (roughly 4 inches
by 2 inches in size) consists of a PDMS slab containing the
flow channel network that is bonded to a glass slide, which is
gold-coated and functionalized for antibody capture. Rubber
gaskets (O-rings) are embedded into the fluidic inlet/outlet
ports to facilitate connection with off-chip pumps and other
active elements.

A similar partitioned package, consisting of a microfluidic
chip whose channels are loaded with polyacrylamide gel, has
been used to perform electrophoretic immunoassays to mea-
sure the concentration of the protein MMP-8 from a saliva
sample [42]. The glass chip is inserted into a portable scanner
containing a user interface, miniature high-voltage power sup-
ply, data acquisition, and software control. Although some
sample preparation and fluorescence imaging was performed
with standard laboratory equipment, the system proves the
principle of a modular, point-of-care microfluidic assay for a
clinically relevant disease marker. The choice of glass also
minimizes work that has to be performed for surface modifica-
tion and ensures optical compatibility for the readout.

The partitioned design strategy is being pursued in other
contexts also [43]. A capillary electrophoresis (CE) chip for
the separation and detection of organophosphate nerve agents
has been demonstrated as a chemical weapon detector
[44]. The glass chip contains a CE channel coupled to a
screen-printed carbon electrode for amperometric detection.
The scanner houses the electrochemical detector, reference/
counter electrodes, and buffer/sample reservoirs. A portable,
highly parallel SPR system has also been developed for
chemical weapons detection [45]. The system is based on
the Texas Instruments’ Spreeta sensing chip, which contains
three LEDs and a diode array detector. The sensing chips are
inserted into a control box that houses the power supply,
LCD touch screen display, custom electronic board, and
fluidic elements, such as pumps and valves. Each chip is

replaced via a snap-in mechanism that mates it to a silicone
flow cell. The combination of eight chips, each having three
channels, enables the simultaneous monitoring of up to
24 analytes.

Yet another embodiment of the tandem strategy utilizes a
cartridge in which cells are cultured and stimulated for use as a
cell-based biosensor [46]. The cartridge is made of a CMOS
silicon chip bonded to a PDMS slab patterned with cell
chambers. Circuitry on the CMOS chip enables temperature
control and electrophysiological sensing with microelectrodes.
The cartridge interfaces with a handheld electronic reader that
monitors the action potential (AP) activity of cardiomyocytes
within the cell chambers. The system has successfully moni-
tored the AP response of cells to different biochemical stimu-
lation under conditions outside the laboratory (desert field
testing).

12.2.1.3 Outlook for Portable Diagnostics
Portable diagnostic and analysis systems have the potential to
dramatically improve the health of people in the poorest,
most remote areas in the world, especially with respect to
infectious diseases. Moreover, the benefits of portability will
undoubtedly contribute to the ease and decentralization of
disease management in the developed world as well. One
could imagine patients wearing portable diagnostic devices
that monitor their response to drugs for screening or dose
titration purposes, which would be a critical step toward
realizing the concept of “personalized medicine” [47, 48].

The major challenges facing packaging, as previously
discussed, are function integration and partitioning between
disposable and non-disposable components. Another chal-
lenge is cost. Virtually all prototype devices today have
been fabricated out of relatively expensive base materials,
such as glass, silicon, or PDMS. Furthermore, their fabrica-
tion processes may not be ideal for mass production, unlike
thermoplastics that can be hot-embossed or injection-molded,

DISPOSABLE CHIP 
SCANNER / READER BOX readout display 

detection 
(ie. optics) 

(ex. functions: 
mixing, filtering, 
assay) 

sample, waste, 
reagents, etc. electronics

pumps, flow 
drive 

Fig. 12.3 A bioMEMS chip used
in tandem with a scanner.
Functions are partitioned between
the disposable chip and scanner
box, thereby optimizing critical
factors (i.e., cost, detection
sensitivity, portability)
[2]. Interconnect between the two
elements, as well as scanner
maintenance, is an additional
packaging consideration
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which makes them disposable. For example, a microfluidic
immunosensor made of embossed plastic has recently been
applied to monitor cardiac inflammation markers from
human serum [49]. On the other hand, some applications
have stringent materials requirements that disqualify some
plastic materials; hence, glass and PDMS continue to serve in
many areas as the materials of choice.

Besides the device components, the packaging of reagents
presents an additional challenge to system portability. To
reduce bulk and transportation costs, reagents would ideally
be packaged in dry form and reconstituted into solution at the
point of care. In situations where the reagent can neither be
dried nor reconstituted with local solvents to maintain activ-
ity (e.g., antibodies), the reagent solution must typically be
packaged off-chip due to inadequate space within the minis-
cule volume of the on-chip microfluidic network. To address
this, the use of plastic clinical tubing as a reagent cartridge
has been investigated [50]. Plugs of different reagents are
sequentially loaded into a tube and spaced by air. Similar
packaging may enable reliable transport of valuable, ready-
to-use solutions in portable diagnostic systems.

12.2.2 Implantable Devices

In the recent years, MEMS technology has become popular in
the medical field due to its many advantages over traditional
technologies. BioMEMS chips are highly functional, versatile,
and power efficient and can be fabricated much smaller than
other implantable systems. Furthermore, since bioMEMS fabri-
cation processes originate in the IC industry, the infrastructures
of the fabrication are well established, and these techniques are
reasonably well developed and standardized [51]. Therefore, it
is no surprise that many implantable devices that primarily use
IC fabrication technologies, such as wireless pressure sensors
[52], subcutaneous drug delivery chips [53], and glucose
sensors [54, 55], have been and are being developed and
commercialized.

The major packaging challenges for implantable MEMS
devices include but are not limited to biocompatibility and
size considerations. Another consideration is matching the
mechanical properties and sometimes optical properties of
the surrounding tissue. Implantation is an invasive process
and triggers a healing and immune response from the body.
Not only do implants have to be designed to minimize the
immediate and long-term immune response, but they are also
required to be non-toxic to the surrounding tissue. For this
purpose, various packaging methods, materials, and protec-
tive coatings are available.

These designs must be developed with the miniaturization
requirement in mind. They need to add as little volume or
length to the device as possible and have to be adaptable to
the specific tissue environment and their applications. For

example, ocular implants need to be small enough for
implantation through hypodermic needles, flexible enough
to not cause irritation to the patients, and to match the
mechanical properties of the surrounding tissues, but
mechanically sturdy enough to survive the implantation pro-
cess. The latter is particularly critical because inadequate
protection during implantation can cause a complete loss of
device functionality [56]. This section will review some
successful strategies for implantable devices with these
considerations in mind.

12.2.2.1 Drug Delivery Devices
Packaging for drug delivery devices is highly dependent on
the duration of the intended delivery applications. Short- or
intermediate-term delivery can be achieved through oral or
subcutaneous administration, whose packaging requirement
is minimal, typically involving encapsulating drugs in
microbeads or delivery through various types of microneedles
[57–60]. However, for long-term controlled delivery,
bioMEMS devices seem to be most suitable: these devices
can be designed to be highly functional; in addition, if proper
packaging is designed, the drug reservoirs for controlled
delivery can be made refillable [61].

A highly efficient and reliable controlled-release biochip
design for implantation was introduced by Santini et al.
[62]. The release of drug occurs from an array of wells
covered by a gold thin-film membrane, which is electrochem-
ically dissolved during the time of release (Fig. 12.4a). The
reservoirs are fabricated using standard wet-etch MEMS
technology in silicon wafers. The gold membrane covering
the wells serves simultaneously as an electrical component
and as a protective layer for the content of the reservoirs. The
gold membrane is chemically stable and mechanically able to
resist pressures exerted by the tissue and interstitial fluids
[62]. Applying proper voltage to the anodic membrane leads
to the dissolution of the membrane. This process is dependent
on the presence of chlorine ions (Cl�) in bodily fluids.

Soluble salts of gold form due to the applied potential and
the presence of Cl�, and instead of which dissolve into the
surrounding fluid. Santini et al. established that these salts are
biocompatible and are present in very low concentrations
after the dissolution of the gold metal [63]. Because silicon
is the structural material for the chip, the device overall is
suitable for implantation. To protect the metallic components
of the chip further from the interstitial fluids, SiO2 is depos-
ited as a protective coating for the device.

This technology is being further developed for commercial
application by MicroCHIPS [64]. The aim is to couple the
release of drug to sensor devices for improved release timing
and schemes. As such, a microchip packaged with a sensor
array and a power source would regulate the release of drugs
from the reservoirs [53] (Fig. 12.4b). A modified version of the
approach, which relies on re-sealable compartments, is being
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investigated by ChipRx [64]. This technique could prove
useful in limiting the size requirement for larger amounts of
drugs through the use a single refillable compartment. While
silicon is a chemically and mechanically robust material and is
usually easy to be rendered biocompatible, one drawback of
silicon-based devices is that these devices may not be suitable
for other drug delivery formats that require soft and flexible
surface materials, such as ocular drug delivery. New
approaches and new materials need to be considered.

12.2.2.2 Ocular Implants
Li et al. [61, 65] developed a drug delivery device enclosed in
silicone rubber for ocular drug delivery (Fig. 12.5a). The soft
material protects a two-part chip – a reservoir and a delivery
chip; the refillable drug reservoir is bound to the delivery chip
during the packaging process. The packaging is comprised of

a silicone rubber outer surface molded to fit the curvature of
the eye, which is filled with paraffin wax and encloses the
delivery chip, provided that the chip is small compared to the
eye. The advantage of this approach is that the device is
completely enclosed in the flexible and biocompatible mate-
rial [61, 66]. Furthermore, since the enclosure is made of
flexible material, the reservoir can be punctured by a needle
and refilled with drug, after which the silicone rubber seals
itself [61]. This already efficient packaging could be further
improved through various surface modification technologies.
Integration of traditional IC or MEMS components is also
made possible with flexible polymeric packaging [67–
69]. The chip device can thus be fabricated from the required
or desired material and packaged for flexibility. Another
option is to design a hard-shell packaging scheme, which
must minimally interfere with the tissue in the eye [70, 71].

a) SCHEMATICS OF DEVICE FOR CONTROLLED DRUG RELEASE 
BEFORE RELEASE: 

device
base 

closed gold
membrane 

chlorine
ions 

trapped drug
molecules 

dissolved
membrane

TOP VIEW CROSS-SECTION
AFTER RELEASE: salts from

dissolved
membrane

released drug
molecules 

TOP VIEW CROSS SECTION 
b) DRUG RELEASE DEVICE WITH ACTIVE SENSOR CONTROL 

protective shell sensor lead resealable drug
release opening 

power
source sensor drug

reservoir

Fig. 12.4 Implantable drug release devices. (a) Basic design schematic
of the device design by Santini et al. Prior to release, gold membranes
form protective caps for drug compartments etched into the device.
Once current is applied to the membrane, the gold forms soluble salts
with Cl� ions from the environment, dissolving the membrane and

releasing the drug. Coating for protection and passivation can be
applied. (b) Concept drawing of a drug release system combining active
sensing technology and controlled drug release, contained within an
implantable protective shell. Concept adapted from research by
MicroCHIPS and ChipRx

12 Packaging for Bio-micro-electro-mechanical Systems (BioMEMS) and Microfluidic Chips 259



Another type of ocular implant is the retinal stimulation
device (Fig. 12.5b). The purpose of this implant is to stimulate
the ocular nerve in diseases caused by photoreceptor degener-
ation. These implants incorporate image sensors and electrode
stimulators to facilitate image capture and nerve stimulation,
which renders the chip more complex [69]. Because of the
electrical components, CMOS fabrication technology is used
to produce the device components. Typically all of the
components are fabricated on a highly flexible silicon sub-
strate. The silicon substrate between these components is then
thinned, leading to an overall flexible device [69].

Monolithic integration of all parts for ocular implant devices
can be advantageous in terms of simpler design because of the
electrical connectivity and signal transduction among the sens-
ing, stimulation, and electronics components. However, this
monolithic scheme comes with the price of having larger
devices. The alternative is then to reduce the number of
components in the system to be implanted. In the case of ocular
implants, image sensors/CMOS cameras can be worn on the
outside, while only a signal receiver and the stimulation chip
(with its electrodes) need to be implanted. In one packaging
scheme, the implanted components are then coated with
Parylene-C to form a biocompatible protective layer [67, 68]
where the device is fabricated on a flexible (but not necessarily
biocompatible) substrate, such as polyimide [68].

Hard-shell protection for the implanted device is also an
option. Since the shell is not flexible, its shape and size
should be minimally invasive to the eye. Tube-like capsules
can be fabricated from glass, ceramics, metals, or silicon, all

of which must be hermetically sealed to the device [71]. This
method has been pursued by BION™ implants. These
implants incorporate circuitry, a power source, and other
functional parts within a hermetically sealed tantalum tube
[70]. The rugged yet biocompatible tube is small enough to
be implanted through a needle.

12.2.2.3 Neural Interface Implants
Some of the most common neural interfaces include
pacemakers, neural probes, brain stimulators, and cochlear
implants [72, 73]. The connection to the nervous tissue usually
occurs through electrodes implanted into the brain tissue and in
the vicinity of neurons and their processes. These electrodes are
commonly organized into arrays such as the Michigan probe
array and Utah array [74–76]. Both of these are variations of
arrays of long silicon multi-electrode probes (Fig. 12.6) and are
commonly coated with silicon nitride (SiN), silicon dioxide
(SiO2), or gold [73] to improve biocompatibility.

Besides silicon, which is mechanically rigid and easy
for insertion during surgery, other materials are used to
create flexible arrays. Common choices include polyimide,
benzocyclobutene, and Parylene. Some of these devices also
include microfluidic channels for delivery of drugs to dis-
courage scar tissue buildup for long-term recording and stim-
ulation of the electrodes. In most arrays (stiff or soft), it is
common to coat the surfaces with (i) poly(ethylene glycol)
(PEG) films to minimize protein adsorption and (ii) drug
eluting coatings [73]. The latter is achieved by using amphi-
philic hydrogel particles that are capable of releasing drugs
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Fig. 12.5 Examples of devices for ocular implantation. (a) Example of
an ocular drug delivery device fabricated with a soft silicone rubber shell
for minimal eye irritation is designed by Li et al. [61, 65]. The base is
molded to conform to the curvature of the eye. The reservoir can be
refilled by puncturing the rubber reservoir cap, which re-seals itself after
the procedure. The protective silicone rubber is a soft and biocompatible

material and thus suitable for implantable devices. (b) The light sensor is
separated from the retinal stimulator in this ocular implant. Only the
stimulation chip is implanted in the eye, while the light sensor or camera
is worn on the outside. This allows for minimal invasiveness, especially
if the implanted chip is made from soft and flexible biocompatible
materials
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over time. One challenge of incorporating these particles into
the coating is the choice of polymers, which need to be stable
and biocompatible over time and also giving the desired drug
release profile. Modification of the surfaces to increase poros-
ity may also be used to reduce cell adhesion, which may be
especially useful in preventing isolation and preserving func-
tionality of probes [73].

Tokuda et al. [77] developed a general neural interface
based on a multi-chip system similar to the segmented ocular
implant described above. Several interconnected unit chips
equipped with stimulating and recording electrodes can be
implanted as a thin sheet. Due to the small size of each chip
and flexible interconnects, the array can be bent and extended.
However, for added mechanical protection, the chips are
anchored on a polyimide film and covered with epoxy resin,
which protects the body of the chip while leaving the
electrodes exposed [77].

As was the case with ocular implants, hard-shell enclosures
may be used with neural interface implants. Biocompatible
materials such as titanium could be used to manufacture the
shell. The shell has to be hermetically sealed, which can be
achieved through the use of medical-grade epoxy, which also
provides additional shock absorption for the circuitry [78].

12.2.2.4 Cardiovascular Implants
Stents Though stents are not typically considered bioMEMS
devices, packaging technologies for stents can be applied to
MEMS devices designed to interact with the cardiovascular

system. The cardiovascular system is very sensitive to
disturbances, and the presence of foreign objects can lead to
problems such as intimal hyperplasia, or thickening of the
blood vessel wall due to injury, and blood coagulation.

Stents often suffer from restenosis or the re-narrowing of the
blood vessel wall, rendering them not functional. To prevent
restenosis, various protective coatings have been developed,
with the goal to provide a biocompatible interface, which
passively or actively limits vessel wall thickening or fouling.
TiNOx films can be deposited by physical vapor deposition
(PVD); tuning the ratios of nitrogen to oxide allows for control
of electrical properties of the film [79]. Polymeric coatings are
also often used to provide a protective function. Drugs to
prevent restenosis and hyperplasia are often contained in the
polymer matrix and eluted from the matrix after the implanta-
tion [80, 81]. Although the type of drug may vary, the coating
procedure generally relies on the application of a thin layer
of polymer–drug mixture in solvents (e.g., by dip coating).
Some of common polymers used for this purpose include
methyacrylate and ethylene-based polymers [81].

Stents can also be implanted in combination with a pres-
sure sensor to monitor the success of the implantation proce-
dure [52]. CardioMEMS Inc. has developed a capacitance-
based sensor enclosed in flexible polymers (Fig. 12.7). The
capacitance change of the sensor can be correlated to deflec-
tion of the capacitor component from which pressure data can
be calculated. The sensor is constructed from ultra- flexible
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Fig. 12.6 Device details and
packing of typical neural probes.
(a) Microfabricated neural probes
are usually mechanically mounted
on and electrically connected to a
circuit board. The probes are
inserted into brain tissues for
recording of neural activities. (b)
These microfabricated probes can
include either a single probe head
or multiple parallel probe heads.
(c) The tip of the probes can
incorporate both metal electrode
leads and fluid delivery ports.
Materials to render the devices
biocompatible or to include
additional drug delivery
capabilities (not drawn)
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alloys for additional flexibility. Pressure-related data are
obtained wirelessly from an external readout machine. Com-
munication between the devices is achieved through an
energizing radio frequency (RF) signal sent by the readout
machine. The signal is coupled to the sensor via magnetic
coupling and induces a current in the sensor, which vibrates
at a specific frequency depending on the applied pressure.
The readout machine receives the response from the sensor
through magnetic coupling and determines pressure based on
the frequency of the sensor [82]. In this case, the packaging
materials should not interfere with the RF signals.

Pacemakers Pacemakers are electrical devices that interact
with the cardiovascular system and the nervous system.
Although typically not considered as MEMS devices, they
are sometimes interfaced with MEMS devices and have suc-
cessful packaging schemes that implantable MEMS devices
can borrow. Packaging schemes for different components of
pacemaker devices face the challenge of different require-
ments. Typically the power source and control mechanism
can be housed in traditional enclosures manufactured from
titanium [83], PDMS, to a myriad of other materials. However,
packaging of the pacemaker leads has to be treated separately.

Pacemakers are packaged to minimize the required pacing
current and the polarization of the lead, to protect the lead
from damage, and to reduce the inflammatory response
around the lead. The packaging schemes are similar to that
of stents; for example, protective polymeric sheaths, such as
polyether polyurethane sheaths, are further covered by sili-
cone rubber sheaths [84–86]. As was the case with stents,
these sheaths may elute drugs, such as steroids, to prevent
inflammatory response [84, 85].

12.2.2.5 Implantable Biosensors
Glucose Sensors Continuous glucose measurement is criti-
cal in monitoring the well-being of diabetes patients. A
myriad of glucose measurement techniques is available for
subcutaneously implantable glucose sensors. In these
techniques, blood sugar can be measured through changes
in fluorescence of a glucose sensitive system [87], output
current in electrochemistry [54], or changes in viscosity
[55]. Since each of these methods relies on different chemical
and/or physical principles, packaging schemes must be fitted
to reflect the different demands.

Encapsulation of fluorescently sensitive systems, whether
they are housed on-chip or in microparticles, can be achieved
through coating by PEG hydrogels [87]. To obtain a flexible
sensor, which can be worn or implanted, biocompatible
polymers can be used [54]. Flexible polymers are particularly
useful if bendable electrodes are used in a current-sensing-
based device. Bioinert polymers, such as PDMS and
dimethylacrylamide (DMA), may be combined with other

types of polymers for additional functionality, such as
increased permeability of small molecules [54]. Biocompati-
ble rigid sensor enclosures can also be manufactured from
materials such as silicon, glass, or medical-grade epoxy [55]
to reduce the risk of immune response.

Pressure Sensors MEMS-based minimally invasive pres-
sure sensors can be used to monitor intraocular, intracranial,
and cardiovascular pressures [52], each being of great interest
to parts of the medical community [88]. Although the designs
may differ, these sensors are generally fabricated using
CMOS technology and enclosed in silicon [89–91]. The
overall device may be further coated with deposited silicon
nitride or silicon oxide layers.

As with other implantable devices, pressure sensors can
also be coated with a polymer film for protection during the
implantation process and normal operation. One such exam-
ple is the use of Parylene-C as a protective membrane for
ocular implants, which can be deposited through CVD pro-
cesses at room temperature [92]. The polymer package may
be further treated to reduce bubble formation on the surface
through oxygen plasma roughening [92].

Communication between the sensors and the outside world
must be considered in the packaging scheme. For example,
ocular pressure sensors can be observed directly through the
tissue of the eye, since this tissue is mostly transparent.
Choosing transparent packaging such as biocompatible
polymers will thus enable readouts by direct observation [93].
However, this option is not available for sensors implanted in
non-transparent tissue, such as the CardioMEMS sensor
described previously. For deep tissue implants, other readout
methods are required, such as the RF-based method.

12.2.3 BioMEMS Packaging for Clinical
Applications

BioMEMS technology is rapidly gaining attention in the clini-
cal field due to its high versatility and broad range of functions.
The most common bioMEMS uses can be divided into
two broad categories: (i) analytical tools and (ii) components
of medical devices, such as endoscopes or catheters. Section
12.2.2 reviews many implantable devices. This section will
include additional devices used in medical diagnostics. Ana-
lytical devices used in the laboratory environment share
designs common with point-of-care diagnostic devices, with
some key differences in packaging schemes. The major differ-
ence is rooted in the availability of off-chip analytical technol-
ogy and a clean and protected processing environment in the
laboratory. Many of these devices are a direct miniaturization
of existing conventional macroscopic assays. Even though all
sample modification and processing occur on chip, analysis of
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the results can be performed off-chip [94] without exposure to
an interfering environment. Hence, the challenge for packag-
ing schemes lies in providing ease of interfacing to external
instruments and primarily a high level of re-usability of
bioMEMS devices.

Enzyme-linked immunosorbent assay (ELISA) devices
are a prime example of the common device design. ELISA
chips utilize antibody–antigen interactions to detect the pres-
ence of specific molecules in the analyte fluid. The sample is
pumped through the chip resulting in (i) bonding of specific
analyte to a localized protein or enzyme and (ii) changes in
chemiluminescence, from which presence of the desired ana-
lyte can be inferred. The change is observed by an external
camera [94] or on a microscope and processed on a computer.
Analogous designs may include a sensor array and wireless
transmitters to gather signals and relay them to the final
analysis system [95]. Packaging schemes for these types of

devices do not face biocompatibility issues but must allow for
interfacing the chip to the outside world. This most com-
monly occurs in the fluidic, optical, and electrical domains,
since analytes are introduced in solution and signal gathering
occurs through imaging or microelectrode sensing.

Polymerase chain reaction (PCR) chips are also heavily
used in the medical field when genetical analysis is required.
PCR chips can be manufactured using typical MEMS
materials such as silicon, glass, epoxy, SU-8 (an epoxy nega-
tive photoresist, MicroChem Inc.), PDMS, poly(methyl
methacrylate) (PMMA), poly(ethylene terephthalate) (PET
or PETE), and common fabrication processes
[96, 97]. These devices operate on fluids, making use of
standard microfluidic approaches for pumping, mixing, and
flow control. As such, their packaging must allow for easy
sample introduction and removal of product. However, reuse
of PCR chips (or similar biological or medical analytics

OUTGOING SIGNAL 

aneurysm
pressure
sensor CardioMEMS device 

readout
machine

inserted
stent RF signal 

“LC”  circuitry 

INCOMING SIGNAL 
energized
circuitry 

signal received through
magnetic coupling 

readout
machine

sensor vibrating 
at resonant frequency 

Fig. 12.7 CardioMEMS wireless
pressure sensor. The sensor is
implanted inside an aneurism
along with the stent. Pressure
measurements are obtained using
an external readout module. This
module sends out RF signals,
which energize the LC circuit on
the implanted device, including a
pressure sensor. The sensors
resonant frequency is determined
through a series of RF signals with
different frequencies; the module
receives data through magnetic
coupling. Once the resonant
frequency has been determined,
the pressure reading can be
calculated. Packaging for this
device not only needs to be
biocompatible but also to pose
minimal interference to the
incoming and outgoing signals
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devices) is complicated due to risk of contamination from
previous samples [96]. This risk is minimized through the use
of various cleaning and packaging schemes. Prakash et al.
use a removable silane coating in a glass-based device to
prevent cross-contamination. A silane layer is first applied to
improve the hydrophilicity of internal channels for PCR.
After the reactions, the silane is stripped and reapplied for a
new run [96]. This method or its analogs for different
coatings may improve the re-usability of bioMEMS devices
used in the clinical environment. PCR chip packaging is
further discussed in Sect. 12.2.4.1.

Microfluidic-based bioMEMS chips are also used for
analysis of human blood [98, 99]. The purpose of these
devices is to separate specific molecules or cells from the
sample for analysis or transfusion. For example, microfluidic
devices can be used to remove leukocytes from blood before
it is received by the patient to minimize the immune response.
Micronics, Inc. has designed a microfluidic device to work in
tandem with a readout machine for the purpose of blood (and
even urine) analysis [99]. The analysis occurs on a
microfluidic card designed to perform all functions related
to sample manipulation. The card is placed into a manifold,
which allows the card to interact with a computerized
pumping and control mechanism. The system can then auto-
matically perform an analysis of the sample included in the
card. The packaging for this system must ensure that the card
interacts with the control device. Thus, proper precautions
have to be taken, especially at the card–manifold interface,
where leaking can occur.

Unlike stand-alone bioMEMS devices, packaging
schemes for bioMEMS components of medical tools, such
as endoscopes [100], are heavily influenced by the tool
design and its application. Packaging has to allow for
incorporation into the overall apparatus without inhibiting
function. Since there are no general device types, no general
packaging schemes exist for this application. Rather, each
device or chip must be integrated into the complete system
with specific considerations for that system.

12.2.4 General Research for the Life Sciences

Whether a research laboratory is academic or industrial, it is
undoubtedly in need of data of higher quality, greater
throughput, and potentially newer forms. To address these
unmet needs, bioMEMS-based research devices are being
developed to offer (i) greater sensitivity and lower noise;
(ii) higher throughput, automation, and standardization; and
(iii) new functional capabilities.

The packaging schemes for research bioMEMS are diverse
and non- standardized. This diversity spans both academic and
industrial systems and is due in part to the relative youth of the
bioMEMS field. The following subsections will highlight

general packaging strategies and considerations for four of
the most actively researched applications: PCR–CE analysis,
microarrays, microfluidic large-scale integration (MLSI), and
cell culture.

12.2.4.1 Genetic Analysis via PCR and CE
The analysis of DNA and RNA is fundamental to the life
sciences. One of the most widely used methods for such
analysis is the polymerase chain reaction (PCR). The PCR
process amplifies minute amounts of nucleic acids by
subjecting a sample solution to a sequence of temperature
cycles. PCR is one of the first applications for which biochips
have been designed and where integration of different
functionalities is demonstrated and therefore is a good exam-
ple for packaging considerations (Fig. 12.8). The advantages
of miniaturized PCR include shorter cycle times, reduced
reagent consumption, lower fabrication costs, and reduced
contamination.

Materials One of the most important factors to consider in
the packaging of PCR chips is material selection. First, the
choice of material will dictate its thermal conductivity, which
in turn affects the device’s temperature cycling rate and
overall throughput. Second, optical transparency must be
considered, as less transparent materials may limit the
device’s utility for real-time optical detection of amplification
products. Third, the binding affinity of sample molecules to
the material will determine whether the inner surface of the
reaction chamber requires a passivation coating. Finally,
adequate chemical resistance and dimensional stability are
required for cleaning steps and temperature cycles, respec-
tively. One should bear in mind that the factors just discussed
are by no means an exhaustive list. For example, cost and
manufacturability may also be important.

PCR biochips have been manufactured in silicon, glass,
and various polymers. A thorough review of PCR chip tech-
nology is by Zhang et al. [97], which among other things
includes a detailed list of materials used in PCR chips. In
recent years, polymers have gained the most interest due to
the potential for very low cost for both raw materials and
fabrication. Notable polymers are embossed polycarbonate
[101, 102], embossed PMMA [103], and compression-
molded poly(cyclic olefin) [104]. Also, hybrid PCR chips
constructed out of two base materials have also been
investigated. Silicon–glass [105, 106], polymer–silicon
[107], and polymer–glass [108, 109] chips have also been
realized for various applications.

Temperature Cycling and Heating Another factor in PCR
chip packaging is the choice of heating elements. Thin-film
electrodes have been integrated on-chip out of platinum
[110], other metals, and doped polysilicon [111]. Indium tin
oxide (ITO) thin film has also been used due to its optical
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transparency [112]. The advantage of thin-film electrodes is
the small thermal mass of the integrated chip and rapid
heating. This comes at the cost of a more complex fabrication
process and the risk of sample contamination due to electrode
degradation.

External heating strategies have also been employed. For
example, Peltier-based thermoelectric heating plates have
been attached to PCR chips [113–115]. To achieve intimate
thermal contact, a layer of material with high thermal con-
ductivity, such as mineral oil [113, 116] or metal [117], is
placed at the interface between the Peltier heater and PCR
chip. Peltier heaters are a reliable and modular temperature
cycling method. However, their large thermal mass makes it
difficult for a single Peltier heater to achieve an adequate
ramp rate; as a result, two or more heaters must sometimes be

packaged above and below the chip [113, 116, 118]. Other
external heaters, such as commercial thin-film resistors [104]
and resistive heater coils [119, 120], have been utilized.

PCR heating is also achieved without direct physical
contact between the chip and the heat source. This scheme
makes the fabrication process simpler. Examples of
non-contact heat sources are hot/cold air streams
[121, 122], infrared (IR) radiation [123–125], and lasers
[126]. When non-contact heating methods are employed,
the package must provide good contact and thermal conduc-
tivity to the chip. In addition, thermal insulation is also
important in IR heating, where heat should not be easily
lost to the surroundings.
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Fig. 12.8 Examples of different
types of PCR systems. (a) In a
flow-through system, a syringe
pump/injector drives the fluid
through the device. The fluid is
heated in a cyclic fashion for the
PCR to occur, and the result, such
as an increase in fluorescence, is
observed at the end. Packaging for
flow-through systems has to allow
for connecting the syringe pump
and including inputs for valve
control and a source of heat to run
the PCR and a transparent area for
microscopy. (b) Batch PCR
systems do not require an input for
a syringe pump, but all other
components of the packaging
scheme need to be present, such as
a heating pad, flow control, and
transparent packaging for imaging
purposes
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Flow Control In flow-through PCR systems, where the
sample undergoes temperature cycles by flowing past a series
of heating zones, a fluid pump must be included in the
system. Syringe pumps [127] and peristaltic pumps [128]
are examples of flow drivers. In such cases, the pump and
PCR chip are separate modules within the entire package. In a
few cases, the flow driver has been integrated into the chip
itself. Miniaturized peristaltic pumps have been integrated
[129]. Also, electrokinetic pumping driven by on-chip
electrodes has been used [37]. In these flow delivery
schemes, sealing of fluids and interfaces between the chip
and the macro-world needs to be considered.

CE and Integration of Other Functions Capillary electro-
phoresis (CE) benefits from miniaturization through dramati-
cally increased separation efficiency. One noteworthy
innovation in CE packaging is a radial array CE system,
which utilizes a laser-excited rotary confocal scanner with
four color detection channels, enabling the simultaneous anal-
ysis of 96 samples [130]. Moreover, PCR and CE are com-
monly integrated onto a single chip [37, 43, 104, 108, 113,
116, 131, 132]. By packaging PCR and CE together on-chip,
sample handling and risk of contamination are minimized,
sensitivity increases, and large-scale parallelization becomes
possible. In addition, fluids can be driven by electrokinetic
means, thereby obviating the need for an external pump.

The integration of sample preparation and PCR–CE onto a
single chip is a less developed endeavor. Sample preparation
includes cell separation, isolation, washing, and lysis.
Attempts at integrating sample preparation steps include on-
chip cell capture and lysis using immunomagnetic beads [38],
as well as cell separation using dielectrophoresis [100, 133],
or DEP coupled with field flow fractionation (DEP-FFF)
[134]. Despite such efforts, sample preparation largely
remains an off-chip operation; therefore, major opportunities
exist for higher-speed and lower-sample consumption if sam-
ple preparation is integrated into a single-chip package.

The integration of detection systems on-chip is in a simi-
larly early stage of development. PCR products are typically
detected optically using laser-induced or other fluorescence
methods. Optical excitation sources and emission detectors
(e.g., mercury lamps and CCD cameras, respectively) are
sophisticated and bulky instruments usually located
off-chip. Using these systems, an integrated PCR–CE chip
must be optically transparent and have an unobstructed
observation path. Efforts to integrate detection on-chip are
limited. For instance, photodiodes have been coupled to PCR
chambers via integrated optical fibers, with the excitation
source remaining off-chip [135].

12.2.4.2 Microarrays
Microarray technology is considered one of the first
realizations of truly high- throughput biological analysis

[136]. A microarray is a grid-like arrangement of micrometer-
scale spots on a planar substrate. Each spot is a surface-
deposited cluster of molecules known as capture probes. The
two most common types of microarrays are DNA and protein
arrays. The capture probes on DNA microarrays are either
single-stranded oligonucleotides or complementary DNA
(cDNA), whereas the capture probes on protein microarrays
could by definition be one of many different types of proteins,
including enzymes, antibodies, peptides, or protein complexes.
When a sample solution containing DNA, RNA, or proteins
(a.k.a. the target) is incubated with the array, the target
molecules bind to the capture probes of the spots on the array
to varying degrees. Binding and capturing are facilitated (i) by
hybridization between complementary DNA–DNA or DNA–
RNA sequences or (ii) by protein–protein or protein–DNA
interactions. Fluorescent labeling of the target probes enables
the researcher to optically detect the presence and/or
interactions of thousands of different target probes simulta-
neously on a single array.

The emergence of microarrays can be attributed to a
serendipitous merger of precision robotics, microelectronics
fabrication, biology, and chemistry over a decade ago.
Today, a wide variety of microarrays is commercially avail-
able from several manufacturers (e.g., Affymetrix Inc. and
Nanogen Inc.). Microarrays are used for both basic and
applied purposes, including gene expression analysis, muta-
tion analysis, protein function studies, drug development,
diagnostics, and forensics. Recent reviews offer a detailed
discussion of current and future applications [137–141].

General Packaging and Fabrication The typical packaging
scheme for a commercial microarray consists of a glass or
quartz substrate that is encased by a card-like plastic car-
tridge. The substrate acts as a rigid support upon which the
capture probe array is patterned and subsequently read. To
facilitate the attachment of capture probes, the surface of the
substrate must be pre-treated or otherwise modified (not
discussed here) [136]. Furthermore, the substrate in the opti-
cal path is required to be transparent and minimally
autofluorescent so as not to interfere with the probes’ fluores-
cence signals.

The capture probe array is patterned using one of many
techniques, including an in situ photolithographic synthesis
or an electric field-mediated attachment (for DNA arrays), as
well as robotic spotting or microstamping (for protein arrays)
[136, 142].

Cartridge The cartridge serves a number of purposes:
(i) protecting the substrate from mechanical damage,
(ii) forming an enclosed reaction chamber and flow path, and
(iii) interfacing the substrate with external supporting equip-
ment. An enclosed reaction chamber is beneficial because it
lowers the usage of sample/wash buffers and prevents the
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evaporation to the external environment; the enclosure also
permits straightforward connection to external fluid ports
(which in turn link with pumps, sample, and waste) and
eases handling by the operator. Rubber septa/gaskets are
embedded at the inlets to the cartridge to interface with exter-
nal fluid connections, forming a leak-free re-sealable fluid port.
Also, the cartridge must have a viewing window for optical
interrogation of the array in addition to a shape that facilitates
easy loading and automated processing in a scanning system.

Supporting Infrastructure The microarray package is
supported by a substantial collection of bench-scale equip-
ment. This includes a fluidic module (i.e., pumps and
reservoirs for samples, buffers, and waste), scanning system
and housing, computer, and equipment for sample prepara-
tion (e.g., PCR, fluorescent labeling) [143]. The scanning
system contains the excitation source, such as laser or mer-
cury lamp, and the emission detector, such as photomultiplier
tube (PMT) or charge-coupled device (CCD).

Integrated Packages The footprint, complexity, and sample
usage of the total microarray system can be reduced by
miniaturizing and packaging elements of the supporting infra-
structure into the cartridge. In one instance, sample prepara-
tion, including PCR and target labeling, was integrated with
the array on a single chip that is less than the size of a credit
card [144]. The chip interfaced with 10 buffer connections,
three Peltier heater–coolers, and over 100 gas pressure lines to
actuate on-chip valves. Functionality of the chip was
demonstrated by detecting mutations from a low copy sample
of RNA. Another device was demonstrated to have even
greater upstream integration by including cell capture and
lysis, as well as PCR and DNA hybridization, on a single
chip [38]. In this setup, no external pressure sources were
required, as fluid pumping was provided by thermoelectrically
actuated on-chip valves. In addition, the hybridization was
detected using an integrated electrochemical sensor. Although
the chip’s resolution and sensitivity are less favorable in com-
parison with that of optical arrays, the simplicity to detect the
presence of bacteria from a sample of whole blood was an
advantage.

The integration of new functions can also make dramatic
improvements in performance. A notable example is the desire
to speed up hybridization. Under normal circumstances,
hybridization is driven solely by molecular diffusion of targets
to the capture probes, which could take many hours. In one
device, the target solution was oscillated by an on-chip pump,
thereby introducing convection to the fluid and increasing the
hybridization rate many times over [145]. Cavitation
microstreaming, which mixes fluids by vibration, has also
been integrated on-chip and shows a fivefold increase in
hybridization [38, 146]. Because DNA molecules are charged,

it is also possible to use electrical field to increase the mass
transfer of the target molecules to the surface. The packaging
of any of these flow devices would require somewhat more
complex schemes, where a pump, a piezo-actuator, or electri-
cal leads need to be accommodated.

Integration Outlook Naturally, higher integration will lead
to more interconnect-related challenges in the package, par-
ticularly for electrical and fluidic interconnects. In addition,
the increasingly commercial nature of the microarray field
will demand fabrication processes and raw materials of lower
cost. The use of polymer substrates that are amenable to high-
volume manufacturing (i.e., embossing, injection-molding)
may bring the end results closer to both goals [147–149]. The
integration of new functions and materials, while introducing
short-term challenges, will likely lead to higher performance
and more economical microarray packages [150].

12.2.4.3 Microfluidic Large-Scale Integration
Microfluidic large-scale integration (MLSI) is a term describ-
ing microchips that possess a dense arrangement of fully
integrated valves, channels, and chambers [151]. Invented
by researchers in Stephen Quake’s group, the enabling tech-
nology for MLSI is a miniaturized, elastomeric valve that is
fabricated monolithically into the microfluidic network of the
device using soft lithography [152] and thermal bonding
[153]. Such valves are used to perform fluid handling
operations, such as pumping and mixing, and to isolate
chambers (or sections) of a device from fluid flow.

Out of all bioMEMS platforms, the layout and packaging
of MLSI devices are most analogous to that of microelec-
tronic integrated circuits (ICs). In MLSI, multiple layers of
channels, chambers, and valves are stacked upon each other
in a grid-like configuration that is reminiscent of the multi-
layer architecture comprised of metal lines, transistors, and
gate electrodes found in ICs. Moreover, fluidic intercon-
nections between MLSI inlets (or outlets) and external
tubes are accomplished by rows of densely packed, hollow
metal pins positioned in a manner that resemble the bond
pads and vias at the edge of ICs (Fig. 12.9).

The applications of MLSI are diverse. The detection of
mRNA from single cells [154], synthesis of precious reagents
[155], and realization of a non-fouling bacterial chemostat
[156] are a few questions that have been addressed by
exploiting the highly integrated nature of MLSI. In addition,
commercial MLSI systems are currently used as tools for
protein crystallization screening and genetic analysis [157–
160].

Packaging and Infrastructure Although MLSI systems are
employed in diverse applications, their design layout and
packaging are similar. All MLSI devices are fabricated out
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of the elastomeric polydimethylsiloxane (PDMS) or a
fluorinated elastomer that behaves similarly to PDMS [161],
which is both amenable to replica molding and exhibits
plastic deformability that is essential for valve operation.
The features in MLSI devices are typically configured in an
array of modules that share common bussing channels,
pumps, or specific unit operations. Also, MLSI systems are
almost universally packaged to interface with external optical
detection instruments. Therefore, glass slides are used as the
device’s support substrate, and inlets/outlets (with
accompanying interconnect pins) are located near the edge
of the chip to allow for unobstructed viewing.

The off-chip infrastructure consists of a computer-
controlled battery of solenoid valves that stand between the
chip and a pressure source (i.e., compressed gas tank). Selec-
tive actuation of solenoid valves actuates corresponding
on-chip valves via pressurization or depressurization. Fur-
thermore, reagents are commonly stored off- chip in vials or
syringes.

Outlook The dense packing and computer control of fluidic
components have led to unprecedented parallelization and
automation, respectively. However, the extensive off-chip
infrastructure and the lack of standardized fabrication and
interconnect methods are aspects of ongoing research,
which will potentially enable wide applications of MLSI.
Strategies to minimize the number of off-chip solenoid valves

for a given set of on-chip operations, as well as general
design rules, are being advocated [146, 162]. The develop-
ment of alternative valve actuation techniques could ease
implementation by eliminating the need for solenoid valves
and bulky compressed gas tanks. For example, bioMEMS
chips have been mounted to Braille displays, whose piezo-
electric pins slide up and down to actuate on-chip valves
[163–165]. Similar to pneumatic monolithic valves, when
Braille pins slide upward, they deform the PDMS membrane
and seal the flow channel directly above them. The tandem
package of a chip and Braille display could substantially
improve MLSI device portability; however, it may restrict
the optical access of the chip. In addition, standardized inter-
connect strategies are likely being pursued by commercial
manufacturers on a proprietary basis [166, 167]. This could
lead to the development and acceptance of industry-wide
standards in the near future.

12.2.4.4 Cell Culture and Assay
One of the most promising applications of bioMEMS and
microfluidics is the culture and assay of living cells.
Microtechnologies possess unique capabilities that can dra-
matically increase the resolution and content of data from
cellular experiments. In addition, experimental parallelization
and throughput can be greatly improved [168–170].

The maintenance of living entities brings with it additional
requirements, which in turn affect the packaging of devices.
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Fig. 12.9 An illustration of a MLSI system. The MLSI chip is mounted
to a microscope stage for optical interrogation. The chip is comprised of
an elastomeric block, patterned with a microfluidic network, which is
bonded to a glass substrate. Rows of hollow L-shaped pins connect the
on-chip network to external tubing. A magnified view shows a portion

of the multilayer architecture that enables the construction of monolithic
valves and dense arrays. MLSI systems typically require extensive
off-chip infrastructure, including solenoid valves, a pressure source,
and computer control
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One requirement is the control of temperature at physiologi-
cal (or experimentally perturbed) levels. Also, the transport
of nutrients to the cells must be provided on a continuous or
semi-continuous basis to match the cells’ metabolic rate.
Added to that must be the means to monitor the levels of
critical nutrients or other culture conditions, such as pH and
dissolved gas concentration. Moreover, biocompatibility of
the device interior must be assured through appropriate selec-
tion of base material, polymer coatings, or adsorption/
functionalization with specific biomolecules.

Integration of Functions One way to accommodate for the
additional requirements of cell-based systems is to integrate
more functions on-chip. Specifically, many requirements
are met by integrating electrical components into the
device. Temperature control has been demonstrated by the
use of microfabricated indium tin oxide (ITO) electrodes
[171, 172]. In addition to being conductive, ITO has the
added benefit of being transparent, making it an ideal choice
when optical interrogation is required. Also, the on-chip
electrochemical generation [173, 174] and measurement
[65, 173, 175] of dissolved gas have been demonstrated.
Similarly, integrated measurement of pH has been achieved
[176]. Moreover, the manipulation and positioning of cells
into specific locations within a device has been investigated
using dielectrophoresis [177–179]. As a consequence of
integrating electrical functions on-chip, the packaging of
bioMEMS is complicated by the attachment (or bonding) of
electrical leads to bond pads at the edge of the chip. External
power supplies and driver electronics are also required.

Integration of other functions can be achieved through
MLSI or arraying approaches. The culture of stem cells has
been demonstrated in an array of cell chambers, each of
which was semi-continuously perfused with the necessary
growth medium [180]. Fluid handling within the device is
performed by integrated valves and pumps, and the
corresponding fluid interconnect is achieved via rows of
densely packed hollow pins. The pins are in turn connected
to a computer-controlled row of solenoid valves that lead to a
compressed gas pressure source. Other cell-based bioMEMS
with innovative linear [181, 182] and radial [183] arrays
avoid reliance upon integrated pumps, which reduces the
on-chip complexity. However, this necessitates the use of
additional off-chip equipment, such as syringe pumps or
rotary motors. These trade-offs need to be evaluated
according to the specific needs of the applications.

Optical Interface One off-chip function that has a great
impact upon cell-based device packaging is optical detection.
Many assays require very high magnification microscope
systems. For instance, the forces exerted by cells as they
crawl along a substrate have been measured by observing
minute changes in the location of dots embedded in an

elastomeric substrate [184] and bending of elastomeric pillars
[185]. To manipulate and position cells optically, high-power
laser beams are necessary using optical tweezing techniques
[186, 187]. BioMEMS for such applications must be
fabricated of optically transparent materials, and just as
importantly, their thickness must accommodate the short
working distance of the high-magnification objectives
(Fig. 12.10). Occasionally when there is thermal stress
(induced by laser power adsorption by the medium or the
cell), one must also provide effective means to dissipate the
heat so as to reduce cellular damage.

12.3 BioMEMS Chip Interfacing

The previous section covers the specific strategies of packag-
ing in many applications of microtechnologies in biological
and medical research and practice. This section reviews two
important interfaces in biochip designs: the interface between
various components of a microsystem and the chip-to-world
interface that is critical to operations and functions of
each chip.

12.3.1 Interfacing On-Chip Components
in BioMEMS

The integration of various types of components on a
bioMEMS chip can prove challenging if the fabrication
methods are incompatible. For example, bioMEMS chips
often contain immobilized biomolecules, such as DNA or
proteins. The high temperatures required for some of the
traditional MEMS fabrication steps easily denature these
molecules. For instance, although room temperature deposi-
tion has been achieved through ammonia catalysis [188],
chemical vapor deposition of SiO2 and SiN commonly
occurs at temperatures in excess of 250 �C [189]. Therefore,
intermediate protective packaging steps need to be
introduced to allow the integration and interfacing of seem-
ingly incompatible components, such as the deposition of
biomolecules and CMOS technology.

The order of manufacturing steps becomes part of the
packaging scheme if protective packaging or modification
of fabrication technology is unavailable or infeasible. The
order is especially important in manufacturing of hybrid
MEMS chips, such as CMOS/microfluidic chips. CMOS
and microfluidic components will generally have to be
integrated following separated fabrication steps. Integration
of biological functionality such as adhesion of DNA,
proteins, or enzymes will have to occur last and in already
covered devices.
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Lastly, interfacing of different components can be difficult
when the materials used for their fabrication are incompati-
ble. For example, common bioMEMS materials, such as
PDMS, can be difficult to interface with CMOS technologies.
PDMS is a poor substrate for the adhesion of deposited
metals due to the low surface energy of PDMS
[190, 191]. If PDMS packaging is to be used with CMOS
technology, better adhesion between the metallic and poly-
meric layers must be achieved. Furthermore, due to the
elevated temperatures during metal deposition, the PDMS
surface can buckle upon cooling and cause uneven surfaces
and cracks in the metallic layer. Therefore, sufficient cooling
of the PDMS layer during metal deposition is required to
minimize this effect [192].

12.3.1.1 Protecting Biomolecules
with Intermediate Packaging Steps
and Modification of Manufacturing
Methods

Because some fabrication steps can be detrimental to proteins
and DNAs, these biomolecules must be protected to allow for
their introduction before the last steps in a fabrication pro-
cess. Trau et al. [193] address this type of complications by
passivating the DNA by a protective gold layer. The protec-
tive gold layer was deposited by chemical vapor deposition

(CVD), while the wafer temperature was not allowed to
exceed 45 �C, a temperature that is deemed benign to DNA
molecules. Parts of the gold layer were etched away to expose
desired areas on the wafer for traditional wet etching, metal
deposition, and other common techniques. By applying this
method, they were able to integrate the deposition process of
DNA oligonucleotides and proteins during routine microfab-
rication. The biomolecules maintained functionality through
both wet and dry etching processes [193]. After the microfab-
rication processes, the molecules were deprotected by a solu-
tion of potassium cyanide (KCN) in phosphate buffered
saline solution (PBS) [193]. This may have been a successful
example of protecting biomolecules; in general, however, it is
nontrivial to maintain the bioactivities of molecules such as
proteins under microfabrication conditions. Rigorous tests
need to be performed to assess the bioactivities of protected
and deprotected molecules before a method can be adopted.
If the biomolecules can be applied after the completion of the
microfabrication, it is perhaps the least complicated method
for a reliable deposition/introduction of the biomolecules.

Construction of the final protective enclosure for a device
can also cause damage to biomolecules, the choice of which
also needs careful considerations. For instance, bonding of a
protective casing or membrane to the device may require
exposure to high temperatures over a long period of time.
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Fig. 12.10 Optical access to the
chip, especially at high
magnifications, strongly depends
on the chip packing. In
transmission mode, both the
condenser and the objective need
to have access to the chip without
hindrance of the fluidic, electrical,
and mechanical connectors. The
working distance of the lenses is a
critical parameter to consider. In
fluorescent mode, the objective
still needs access to the chip; since
no condenser is necessary, the
fluidic and electrical connections
as well as the mechanical
clamping mechanisms can be
placed on the open side of the
device
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Therefore the choice of materials is critical. Novel bonding
methods performed at lower temperatures may be better
alternatives. One example of such low temperature bonding
process is through the use of a UV-curable adhesive as
illustrated by Kentch et al. [194]. The adhesive is applied in
ultra-thin-film form on the surface, followed by an alignment
of surfaces and curing by UV light. Another formulation of
the adhesive, Vitralit, allows for bonding of different
combinations of materials, such as SU-8 with glass or cyclic
olefin copolymer with poly(methyl methacrylate) (PMMA)
[194]. Many other light-curable epoxies, two-part epoxies,
and medical-grade epoxies (e.g., surgical glues) also exist for
various applications.

Certain obstacles must be overcome before this type of
packaging method can be universally applied. For
applications where thicker films are required, care must be
taken not to cause warping of substrates and thus incomplete
adhesion in the longer term. In addition, in some coating
applications, due to evaporation of solvent from the adhesive,
the solvent may condense inside the structures of a device,
such as the channels of a microfluidic device [194]. Therefore,
great care must be taken in either designing a device system
with high tolerance or selecting adhesives and solvents used.
Furthermore, the strength of the material interface can be
weakened after prolonged exposure to oxygen or corrosive
media and buffer such as PBS [194]. This issue may be
overcome by choosing an adhesive appropriate for each
particular application.

12.3.1.2 Order of Manufacturing Steps
Hybrid bioMEMS devices more often require precise
sequences of fabrication steps for different types of
components. For example, CMOS components may need
integration of microfluidic channels that require bulk and
surface micromachining steps, which may not be directly
and fully compatible with the CMOS processes [195]. Simi-
larly, biomolecules may have to be deposited after the last
micromachining step if no protective process is available
during the deposition process [193, 196]. This type of
requirements calls for an optimized order of fabrication
steps and also new technologies that allow for monolithic,
sequential (i.e., one component at a time), or a hybrid of two
approaches.

Microfluidic channels can be formed on top of a CMOS
chip through a direct- write fabrication process [195]. Chan-
nel features are patterned by the deposition of an organic
ink – a sacrificial material. Following the ink deposition,
uncured epoxy is deposited over the channels and then
cured. Then the organic ink is removed to form the
microfluidic network. The downside of this technique is
that the channel dimensions are constrained by the
dimensions of the ink deposition nozzle. Commercially avail-
able nozzles come with a diameter of 100 μm. While smaller

nozzles and more precise manipulation stages are being
developed, the designs have to contend with high nozzle
fragility and surface tension due to viscosity [195]. Addition-
ally, this process is not easily scaled up for batch processing.
Ongoing work may explore other techniques (e.g., using
photolithography on photopatternable materials as sacrificial
materials) to overcome this drawback.

When interfacing components of different types, such as
CMOS and microfluidic systems, interfaces and the different
size scales must be considered [197]. CMOS chip sizes tend
to be in the millimeter range, while microfluidic chips are
generally larger, especially if various functionalities such as
pumping and mixing are included on chip. Furthermore,
inputs and outputs for fluidic systems require standard
(macroscale)-sized pins and tubing, even though on device
channels are much smaller. These interfaces with the macro-
world usually take up large portions of the chip area.

The connection between the CMOS and microfluidic
world may be achieved through effective layout design
[197]. The CMOS chip can be selectively exposed to some
functional areas on the microfluidic chip, such as a mixing or
dilution chamber, or electrical or optical interconnects. All
other operations on the fluid occur prior to entry in this area,
and pins and tubing for inlets and outlets can remain the
standard size. If a barrier between the two components is
required for fluidic isolation or electrical insulation, it can be
as simple as a layer of Pyrex® glass or a membrane made
from one of structural materials, such as PDMS [197].

In some applications, it is also necessary to introduce
electrical components to the outside of a chip. Some materials
pose adhesion issues. For example, PDMS is commonly used
in microfluidics and is the subject of numerous studies, but
metal layers do not easily adhere using current processes
[191]. This problem can be partially resolved by
incorporating carbon black or other charged particles in the
polymer matrix. In addition, PDMS-based composites such
as Ag-PDMS, which includes silver microparticles, and
C-PDMS, which includes carbon black nanoparticles, may
be used to increase conductivity of the matrix such that
electrical contacts can be made on the matrix directly [191].

In dealing with biomolecules, such as enzymes, the
molecules are either protected [193] or deposited after
microfabrication [196], as stated above. Novel methods are
yet to be developed to achieve biomolecular functionalization
for wafer-level fabrication and high-throughput processes.
Zimmermann et al. [196] have achieved this by introducing
enzymes in a polymer solution into target channels as the last
step of the microfabrication process. The polymer was then
crosslinked through UV exposure, and the uncrosslinked
polymer was washed out. This procedure was performed
after the final microfabrication step, after the wafer-level
bonding was already completed. Similarly in Herr et al.
[42], forming gels inside protein analysis chips were also
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done after the device fabrication was completed. Careful
choices of sequences of UV crosslinking, washing, and
fluid pumping allowed for a complete integration of sophisti-
cated multistep protein analysis on-chip.

12.3.2 Interfacing BioMEMS with External
Systems

The external interface of a bioMEMS or microfluidic device
is where the “chip” ends and the “rest of the world” begins. In
many applications, the “chip” is an assembly of two planar
substrates, at least one of which containing microfabricated
or replica-molded features, that are bonded together to seal a
microfluidic flow network. One of the substrates is usually
rigid in order to provide mechanical support. All off-chip
equipment is characterized as “external” to the chip. The
interface between the bioMEMS chip and external systems
is also called the “world-to-chip” connections or
“interconnects,” which is the equivalent term from the micro-
electronics field.

Due to similarities in form and fabrication, biochips face
similar interconnect issues as traditional ICs and MEMS. For
instance, the reliability of bioMEMS is heavily dependent on
proper interconnection to external systems; most failure
mechanisms are associated with interconnect failure. Also,
as chip size continues to decrease and feature density
increases, space for interconnect junctions becomes more
constrained. This motivates the development of techniques
and platforms to smoothly transition from macro- to micro-
scale. The microelectronics industry has well-developed
approaches for scaling, such as flip-chip packaging and
fully automated assembly. On the other hand, bioMEMS
interconnect and scaling approaches are relatively unsophis-
ticated. Possible contributing factors to the lack of sophisti-
cation include (i) the bioMEMS field being less well
developed as compared to the IC industry, (ii) lack of interest
(and funding) in packaging, as the majority of current work is
in academic research, (iii) diversity in the applications and
hence diversity in the needs of packaging, and (iv) traditional
reliance on manual techniques that are prone to variability.
As the field grows, more research has been devoted to bio-
chip interconnect, as shown in recent reviews [41, 194, 198].

This section covers five areas: (i) fluidic, (ii) electrical, (iii)
optical, (iv) thermal, and (v) mechanical. The following
subsections will discuss the basic issues of each regime.

12.3.2.1 Fluid Interconnect
Fluid interconnect relates to the means by which fluids enter
and exit from a biochip. In most cases, the fluids also carry
biological entities ranging from proteins (often many kinds of
proteins), to DNA and RNA, to cells and even organisms. It is
perhaps the greatest differentiating issue between bioMEMS

interconnect strategies and those of IC/MEMS. Proper fluid
interconnect is critical to averting numerous failure modes,
including leakage, infiltration (or nucleation) of gas bubbles,
and introduction of contaminants. Achieving hermetic seal
and having little or no dead volume are the ultimate goals of
fluid interconnect. In addition, robust and rapid assembly of
interconnects (i.e., alignment, attachment, and bonding) is an
active field of research [199–202]. Fluid interconnect is most
commonly achieved by the use of pins and ports; in practice,
both custom and commercial techniques are employed.

Interconnect Pins Interconnect pins are hollow metal tubes,
usually bent 90

�
into an “L” shape. One end of the pin is

inserted vertically into an inlet port on the chip, while the
other end points horizontally toward the exterior of the chip.
Plastic tubing is attached to the horizontal end of the pin by
friction fit. From the pin, the tubing extends to off-chip
components, such as reagent sources, pumps, or waste
reservoirs. The vertical end of the pin also fits by friction
into the chip’s inlet port. Consequently, the substrate into
which the pin is inserted must be elastomeric or otherwise
plastically deformable. The inlet port on the chip is slightly
higher in gauge (smaller in diameter) to provide for a tight,
leak-free fit when the pin is inserted.

Pins are a popular means for interconnect in biochips
fabricated in PDMS, given its favorable elastomeric
properties. The most striking demonstration of this is with
MLSI devices. Rows of over 50 pins, spaced by approxi-
mately one millimeter, have been packed onto the edge of
MLSI chips less than 3 in on a side [180]. At such densities,
space becomes constrained, and pin placement becomes a
critical factor in chip design. Another design constraint is
substrate thickness. The need for a stable and secure fit
between an inlet and pin requires that the thickness of the
elastomer substrate be roughly a few millimeters. Therefore,
thinner device designs may preclude pins.

Progress in pin technology will be hindered without the
evolution of standardized pin sizes and placement templates.
Also, current methods for pin insertion and hole punching
(for inlet and outlet ports) are painstakingly labor intensive,
causing high variation and low throughput. The development
of automated assembly methods may improve reliability and
allow for more ambitious chip designs. Such automation
might already exist within companies that manufacture
PDMS-based biochips.

Connector Ports Another fluid interconnect approach is to
use connector ports. A connector port usually comes in the
form of a small cylindrical assembly, where one end is
bonded to the inlet of the chip and the other end acts as a
fitting for external tubing. The bond between the substrate
and connector port is achieved using epoxy or similar
adhesive.
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Connector ports are well suited for attachment to hard
substrates, such as glass and silicon. Furthermore, the strong
bond between the substrate and port makes it possible for the
interconnection point to withstand pressures as high as
100 bars. In contrast, interconnect pins are designed for
soft, elastomeric substrates, and the nature of their attachment
to the substrate (i.e., friction fit) limits the operating pressure
to less than 10 bars.

Connector ports are a flexible interconnect platform due in
part to the variety of materials (polymers, metals, etc.) and
commercial manufacturers from which they are available
(e.g., Upchurch Scientific). However, the assembly process
is complex. Of the major procedures, (i) holes must first be
drilled (or etched) through a hard substrate, (ii) adhesive must
be dispensed, (iii) the port must be carefully aligned and
attached, and (iv) time must be allotted for the adhesive
to cure.

Commercial and “Plug-and-Play” Interconnect The
growth of commercial bioMEMS is giving rise to a new set
of approaches for fluid interconnects. Commercial bioMEMS
are typically packaged as a cartridge that is inserted into a
bench-scale scanner box. Examples of such configurations
are the Agilent Lab-on-a-Chip, Affymetrix GeneChip®, and
Fluidigm Topaz® system. In each of these systems, rubber
gaskets and septa around the chip’s inlet holes are used to seal
against a chuck (or frame) when the cartridge is pressed into
the scanner box. This reduces or eliminates manual attach-
ment of fluid interconnect leads, resembling a so-called plug-
and-play approach.

Others are developing the plug-and-play concept as a
means to build custom microfluidic systems [203–205]. Cus-
tom plug-and-play kits consist of a set of bioMEMS building
blocks, each encasing an individual feature or unit operation,
which can then be assembled to perform a desired set of
functions. The plug-and-play approach will inevitably
demand higher standardization, which must exist either for
how the building blocks interface with each other or for how
they interface with a generalized assembly template. One idea
of an assembly template is the microfluidic “breadboard”
[206]. The breadboard contains a pattern of bussing channels,
which fluidically link different building blocks together
based on where each is placed on the board (Fig. 12.11).

Although plug-and-play and breadboarding have been
proven as concepts, the standardization of fluid interconnect
is still in its infancy. Fundamental challenges to standardi-
zation persist, such as (i) the need to uniquely tailor surface
chemistries for each application and (ii) the question of how to
combine electrical and optical components into assembly
templates (i.e., multifunctional “breadboards”). By addressing
such challenges, the bioMEMS community will move closer

to a level of accessibility and scalability comparable to that
which is enjoyed by the microelectronics field today.

12.3.2.2 Electrical Interconnect
Alongside fluid interconnect, electrical interconnect is the
most common assembly issue of bioMEMS. Fortunately,
their form and fabrication makes them well suited to the
same approaches used in IC/MEMS interconnect. Given the
well-developed state of the microelectronics interconnect
field, a thorough discourse will not be provided here, but
instead only a few fundamental issues and noteworthy
examples will be highlighted. For further information, the
reader is encouraged to examine more general reviews [207–
209].

In bioMEMS, electrical components are used for a wide
variety of purposes, such as transductive readout (electrical or
mechanical), resistive heating, electrochemical reactions
(providing potential or current), and electrokinetically driven
fluid flow. Some applications need simple electrodes, and
metal wires can serve the purpose. For others, wire bonding
to the chip to interface with the on-chip electrodes is used.
Similar to ICs and MEMS, the electrodes for bioMEMS “fan
out” and expand into bond pads at the edge of the chip.
Electrical interconnect is an essential design factor in
bioMEMS with a high density of electrical components,
such as (i) the stimulation (and measurement) of action
potentials in living neural circuits [210], (ii) the manipulation
and sorting of cells by dielectrophoresis [100, 177], and the
movement of droplets via electrowetting techniques in digital
microfluidics [211]. Each application requires a complex
array of electrodes that is coupled to a fluid channel or
chamber.

Microelectronic assembly techniques and configurations
have been applied to bioMEMS on a limited basis. For
instance, flip-chip techniques have been utilized to unite
microfluidic to electronic substrates [120, 212, 213]. How-
ever, the sensitivity of many bioMEMS to heat might limit
the annealing temperature for solder bumps or other contact
points. Additionally, some bioMEMS are directly attached to
printed circuit boards (PCBs) [214]. The disadvantage of the
PCB approach is that by mounting a PCB to the back surface
of the chip, it precludes the use of transmissive optical
interrogation.

Another noteworthy issue is corrosion. Although intercon-
nect corrosion is a well-known concern for IC/MEMS, the
problem is more pronounced in bioMEMS because of the
“wetware.” Buffers and reagents used in bioMEMS often
contain salts. These fluids are prone to contaminate electrical
leads and bond pads while preparing and running
experiments. Furthermore, salt solutions commonly flow
directly over electrodes within the device’s fluid network.
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Approaches to passivate electrical components are similar to
those of IC/MEMS, although corrosion prevention will also
depend heavily on better fluid interconnect technologies.

12.3.2.3 Optical Interconnect
Optical interconnect is typically achieved through
non-contact methods, such as excitation by an off-chip laser
or observation through a microscope objective. In such cases,
the main concerns are (i) the transparency of the chip’s
substrate to the wavelengths of interest, (ii) providing an
unobstructed path (or window) for excitation and emission
(for fluorescence measurements), (iii) distortion of light as it
travels through the chip, and (iv) autofluorescence of the
substrate material.

The third and fourth concerns are particularly relevant to
PDMS, one of the most popular base materials for biochips.
Optical distortion may occur in zones of non- uniform
crosslink density. This is in part caused by inadequate mixing
of the PDMS prepolymer and crosslinking agent before it is
cured. Distortion may also be caused by the insertion of
fluidic interconnect pins, which generate non-uniform stress
by compression in the polymer. To avoid such distortion, the
observation zone must be located a safe distance from the

stress fields. Moreover, some polymers (including PDMS and
PMMA) are known to be autofluorescent [215], which may
disqualify them from fluorescence applications that demand
very little background signal.

Contact methods for optical interconnect also exist. For
example, on-chip waveguides are often coupled to optical
fibers that guide light to off-chip detectors [216]. Also, the
concept of an optical backplane, analogous to electrical
backplanes (or breadboards), has been investigated
[217]. Care must be taken to align and secure the optical
fibers to the on-chip components.

12.3.2.4 Thermal Interconnect
Thermal interconnect is an important issue for many
bioMEMS applications, particularly PCR and cell culture.
Not only could heat be generated from the application of
electrical field (or magnetic field), which needs to be
dissipated promptly, but maintaining temperature for
biological entities (such as proteins and cells) is critical.
Similar to optical interconnect, thermal interconnect can
often be achieved by non-contact means. Non-contact
heating mechanisms for PCR include infrared radiation
[123–125] and convective heating by fans [121, 122]. For
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Fig. 12.11 Scheme of a
microfluidic breadboard. (a) A
microfluidic chip is attached to the
breadboard, which possesses an
array of active functional elements
that are fabricated by standard
methods (i.e., CMOS/IC
processing) and placed in
standardized locations [206]. The
on-chip microfluidic network is
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elements on the breadboard
depending on application. (b)
Side-view of a channel linking
two active elements on a
breadboard

274 E. S. Park et al.



cell culture, convective heating via fans or environmental
chambers is the common non-contact method.

Heating by contact can be achieved by using Peltier
heaters (and coolers) and, if the device is mounted to a
microscope, stage and objective heaters. To facilitate intimate
thermal contact between a Peltier surface and a biochip,
intermediate layers of mineral oil [113, 116] and thin metal
[117] have been used.

An important factor that determines the success of the
thermal interconnection is the thermal mass of the package.
As the chip-heater package becomes smaller, heat can be
added and removed more quickly. For applications that require
high temporal resolution in heating cycles, packages with
minimal thermal mass are the most viable options. For
instance, rapid cycling times increase PCR throughput;
hence, low-mass IR techniques have been developed
[123, 125]. However, when the temperature must be sustained
for long periods (i.e., for cell culture), thermal mass is not as
important, and perhaps a larger thermal mass is preferred to
dampen potential temperature fluctuation.

Other factors to consider for thermal interconnect are
(i) material stability (dimensional and chemical) at elevated
temperatures and (ii) differences in the coefficient of thermal
expansion (CTE) between substrates in hybrid bioMEMS.

Heating via integrated electrodes deserves a brief mention.
A key advantage of integrated electrodes is their ability to
heat areas with high spatial resolution. This is particularly
important for flow-through PCR, where hot and cold zones
must be defined in close proximity [37]. Standard heaters
cannot provide such precise local heating. An additional
advantage is low thermal mass. The thin-film electrodes add
no additional mass to the package, which is advantageous for
high temporal resolution applications as well.

Although heating and maintaining temperature above
room temperature is the main discussion here, integrated
cooling systems and Peltier off-chip coolers are some
technologies that are used to lower the temperature on-chip
for some biological applications [218, 219]. The design
considerations are similar to the discussion above on heating
schemes.

12.3.2.5 Mechanical Interconnect
Mechanical interconnect deals with the manner in which a
bioMEMS device relates to solid objects around it. First,
bioMEMS must be protected from physical breakage. This
is especially important for portable bioMEMS, which cannot
be handled as carefully in the field as they are in the labora-
tory. Mechanical protection is provided either by packaging
the chip within a protective enclosure or by fabricating it out
of mechanically tough materials. Polymers are the materials
of choice due to their resilience, as well as their low cost.

Second, bioMEMS must have the appropriate shape and
form to fit into external systems. For instance, bioMEMS are

often designed to be attached to standard-sized microscope
slides (or cover slips). Therefore, they can be easily mounted
to most microscope systems. The same consideration follows
for other standardized chucks or frames found on other exter-
nal systems.

12.4 Biocompatibility of BioMEMS

Besides the types of interconnects for biochips, an additional
consideration is the biocompatibility of the chip and the
packaging materials. The criteria for biocompatibility largely
depend on the context and the applications the chips are
intended for. The major concern for bioanalytical chips is to
avoid contamination, so reducing foreign molecules that can
get into the analytes or react with analytes is important. On
the other hand, for cell culture chips and implant devices,
avoiding non-physiological response from the cells or the
body is important. To render devices biocompatible, how-
ever, one defines biocompatibility, the choices of materials
and surface modifications are critical. This section aims to
review these two important aspects of chip design and pack-
aging schemes for a series of common materials and pro-
cesses in bioMEMS.

12.4.1 Biocompatibility of Fabrication
and Packaging Materials

The biocompatibility of bulk materials used in bioMEMS and
their packaging is essential to clinical and commercial suc-
cess. One such class of devices is implants and cell culture
systems. For implants, the primary concerns are whether the
material is toxic or elicits an immune response. In cell culture
systems, toxicity is one concern, but additionally it is impor-
tant to consider whether the material causes an unexpected
physiological response that confounds the analysis of experi-
mental data. The lack of biocompatibility with the bulk
material could be driven by its inherent chemistry or by the
presence of impurities that may leach out of the bulk (usually
residues from the manufacturing process). A noteworthy
point is that these issues could become exacerbated in
bioMEMS cell culture systems because of a substantial
increase in the surface-to-volume ratio (SVR) as size is
reduced from the macro- to the microscale.

Much of what is known about material biocompatibility
has been learned in the medical implant and drug delivery
fields. Therefore, a large body of knowledge already exists
for certain well-utilized metals, ceramics, glasses, and
polymers, which could be applied here. Included below is a
brief summary of the biocompatibility of some of the most
popular bioMEMS materials.
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Glass and Silicon Glass and silicon are the archetypical bulk
materials for bioMEMS due to their compatibility with IC/
MEMS-based microfabrication and micromachining pro-
cesses. Although the biocompatibility of glass is well
established, that of silicon is still being investigated. In a
short-term (<21 day) study, a comparison of the inflamma-
tory and wound healing responses to silicon implanted in
rodents showed no difference between implanted and
non-implanted cohorts [220]. Silicon has proven itself as a
base material for selected bioMEMS applications, including
cell culture with multiparametric electrical monitoring [221]
and neural prosthetic implantation [222]. In the future, the
long-term biocompatibility of silicon may be proven by clin-
ical studies of implanted drug delivery devices [62, 223] and
transdermal silicon microneedles [224].

PDMS and SU-8 PDMS is widely used in medical
applications [225, 226], and it is emerging as one of the
materials of choice for cell culture in bioMEMS. Cells
cultured on various compositions/formulations of PDMS
have shown growth rates similar to that of polystyrene culture
dishes (with some dependency on cell types) [227]. However,
the high SVR of bioMEMS culture chambers, combined
with the possible leaching of residual molecules (i.e.,
uncrosslinked oligomer, low molecular unreactive dimethyl-
siloxane cyclics, solvents, and platinum catalyst) from
PDMS, could significantly reduce the viability of mammalian
cells in PDMS devices [228]. Fortunately, cell viability can
be significantly improved when the devices are pre-washed
with several cleaning solvents and sterilized [228, 229]. As
for SU-8, its use as a bioMEMS material is far less developed
than that of PDMS, although its biocompatibility has been
demonstrated in short-term clinical studies [220].

12.4.2 Surface Modification

When there are limited choices of device materials, surface
treatment is most commonly used to render materials more
biocompatible and to minimize biofouling, for instance, on
implants and in microfluidic channels. This type of surface
modifications can be considered part of the packaging
scheme since it is an integral part of the post-fabrication
process to deliver the functionality and usability of the
chips. Additionally, surface modification can serve to protect
devices from the environment.

Implantation of foreign material could lead to an immune
response from the body, the result of which includes, but is
not limited to, inflammation, scarring, fibrous tissue buildup,
and atypical cell growth. A properly passivated or
functionalized surface can reduce or effectively eliminate
unwanted immune response. Furthermore, surface modifica-
tion can facilitate not only a passive response but also

improved adaptation of the device to best suit the environ-
ment. For implants, this could lead to a controlled growth of
cells around the implant leading to faster healing after inser-
tion and normal tissue formation. Moreover, some proper
functionality of the device can be maintained over a longer
period of time. In addition, surface treatment can be a useful
tool for protecting the device from its corrosive surroundings.
Common issues such as fouling and device isolation can thus
be addressed.

This following section will provide an overview of
existing and emerging techniques which could eventually
be used to mitigate the adverse effects of the interaction
between the biochip and its environment and enhance the
device functionality through active manipulation of that
interaction.

12.4.2.1 Basic Principles of Biological Surface
Chemistry – Biorecognition

Although modern bioMEMS devices can be fabricated with
micrometer and nanometer features and can be manufactured
small enough to fit into a hypodermic needle, the basic
device–environment interaction occurs at the molecular
level. Thus, for a biological environment, surface treatment
schemes have to be designed with biorecognition in mind.
Biorecognition is the highly developed ability of biological
systems to recognize specially designed features on the
molecular scale, whether it is through topographic architec-
ture, chemical architecture, or dynamic properties [230]. This
feature of biological systems can determine the rate of
adsorption of proteins and other biomolecules onto a surface,
the ability of cells to cover a specific surface, and the stability
of the interactions.

Furthermore, biorecognition on the nanoscale can affect
interactions on much larger length scales [230]. Due to mass
transport properties such as diffusivity, the order of arrival of
different types of molecules at the device surface is different.
The first molecules to arrive are water molecules, followed by
proteins and similar types of organic molecules. In the case of
implants, the effect of the surface type, along with the arrival
order, can influence the ability of cells to cover a device
surface [230]. In particular, the initial water shell exhibits
different properties based on the type of material with which
it interacts. As such, water can form hydration shells, which
through interaction with the hydration shells of biomolecules
may determine whether proteins denature, how they are ori-
ented, and how effective they can cover the surface
[230]. Cells require an extracellular matrix of proteins
(ECM) to successfully adhere to a surface and proliferate. If
the ECM is altered due to interaction with the surface, the
overall cell–surface interaction is also modified. Thus, aware-
ness and understanding of biorecognition becomes impera-
tive for successful design of surfaces.
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12.4.2.2 Surface Treatments for Common
BioMEMS Materials

BioMEMS fabrication techniques differ from traditional
MEMS microfabrication techniques to various extents, but
they share common elements, such as the most typical
materials. One such material for IC and CMOS fabrication
is silicon; silicon is generally regarded as non-toxic and inert
and thus a good material for certain implant and cell culture
applications.

Along with silicon, SiO2 and SiN are used in the fabrica-
tion process and often as a protective layer for the device. A
layer of the oxide or nitride can be deposited by chemical
vapor depositions [189]. These materials do not leech into the
environment and under certain conditions are also deemed
non-toxic and biocompatible. Other common, non-polymeric
materials include metals such as platinum, titanium oxides
(TiO2), gold, and alloys, as well as ceramics.

Polymer-based devices have become increasingly popular
due to their simple and relatively inexpensive manufacturing
processes. Polymers can be used not only as the structural
material of the bioMEMS device but also as a protective
material for silicon-based devices. PDMS, Parylene-C, and
PMMA are commonly used polymers as described earlier.
They are easy to process, have physical properties (e.g.,
stiffness) that can be controlled or modified, and are largely
non-toxic. Polymer-based photoresists may also be used as
structural materials or protective films, but often the concerns
are costs and solvents that cannot be completely removed in
the process. SU-8, an epoxy-based negative resist, is becom-
ing increasingly popular due to its low toxicity.

It is important to note the limitations of materials’ appli-
cability. Many chips are manufactured using a combination
of materials, each requiring a different treatment. For exam-
ple, traditional CMOS components may be combined with
polymer-based device components in a non-monolithic pro-
cess. Therefore, it is important to understand the complexity
of a device and choose compatible treatment techniques that
will achieve the desired effect.

Optimizing the Surface of PDMS The surface of PDMS is
naturally hydrophobic and thus may be unsuitable for certain
biological applications. Furthermore, PDMS surfaces can
adsorb certain biological molecules, but not in a completely
controllable fashion, i.e., the surface property of PDMS may
vary depending on the processing conditions. To minimize
cell adhesion (e.g., for implant applications, for instance) or
to better control surface properties, several techniques
have been developed to make the surface hydrophilic or to
limit adsorption of biomolecules, such as plasma processing,
surfactants, polyelectrolyte multilayers, and graft poly-
merization through radiation exposure or cerium (IV)
catalysis [231].

Exposing PDMS to plasma, discharge [231, 232] can alter
its surface properties. Through the use of oxygen plasma, the
surface of the PDMS in direct contact with the plasma
becomes ionized and forms excited species such as ions and
radicals. Although the reactions are complex and the
mechanisms are not fully understood, the result of the plasma
treatment is the formation of a transient silica-like hydro-
philic layer of SiOx with high oxygen content [231]. This
renders the surface much more hydrophilic than the original
surface.

Generating reactive elements on the surface of PDMS is
also possible through exposure to radiation [233]. Free radi-
cal formation on the surface as a result of exposure to UV
light provides the reactive component required to graft poly-
merize acrylic acid and other monomers, such as acrylamide
(AM), hydroxyethyl acrylate (HEA), PEG, and DMA, onto
the surface. A layer of polymer can thus be grafted in the
exposed area leading to the desired functionality. Graft poly-
merization can also be achieved through cerium (IV) catalytic
reactions, although the process condition can be more com-
plex [231, 234].

Another simple surface modification to make it hydro-
philic and charged is through exposure to surfactants
below the critical micelle concentrations [231]. The concen-
tration must be low enough to prevent micelle formation yet
sufficiently high enough to ensure coating of the PDMS
surface. The process facilitates the hydrophobic tail of the
surfactant attaching to the surface, leaving the hydrophilic
end exposed to the environment. Various surfactants have
been used, such as sodium dodecyl sulfate [235] and
2-morpholinoethanesulfonic acid [236]. Because surfactants
could be damaging to cell membranes, one needs to be
judicious in choosing and using surfactants when the chips
are used for cell-based experiments.

Exposing a PDMS surface to cationic and anionic poly-
electrolyte solutions in an alternating fashion forms a poly-
electrolyte multilayer [231]. Although time consuming
(because many layers have to be deposited with many rinses
in between each deposition), layer-by-layer assembly usually
gives robust films. Deposition of a film of this type is also
possible with small organic molecules, polymers, natural
proteins, inorganic clusters, clay particles, and colloids
[237]. The adsorption of polyelectrolytes to a solid surface
occurs in solution, in which case substrate size and topology
should not play a role in coating efficiency.

Although useful for short-term modifications of surface
properties, some of these approaches do not always fully
address the issue of long-term stable hydrophilicity and
hydrophobic recovery [238]. For example, over time, the
silica-like layer on PDMS that forms upon exposure to
plasma or radiation may revert back to hydrophobic surfaces
due to diffusion of the hydrophilic species from the surface
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into the bulk and potentially also crack and deform due to
mismatch of physical properties (stiffness and flexibility)
from the supporting PDMS layer. Long-term stable films
may be achieved through electrostatic layer-by-layer self-
assembly of polyelectrolytes with chemical crosslinking
[238]. This method uses the same basic principle as the
formation of polyelectrolyte multilayers but introduces
crosslinking between the layers for additional stability. It is
also possible to covalently bond PEG to the layer-by-layer
modified surface for additional protein adsorption
resistance [238].

It is important to note that all of the above techniques need
to be incorporated in the appropriate order during the
manufacturing process. For example, if a device contains
biological molecules for analytical purposes, exposure to
oxygen plasma without protection may result in unwanted
reactions. Thus, the surface of the packaging should be
modified either prior to loading with biological molecules
or those areas of the chip need to be isolated from the plasma.
Exposure to UV light and electrolyte solutions may also
render certain components of a device non-functional, and
thus they should only be used with proper protection for
vulnerable elements.

Modification of Silicon Surfaces Using silicon in the
biological environment presents several challenges. One of
the major issues is biofouling, leading to interference and the
suboptimal operation of the device [239]. Silicon surface is
hydrophobic and hence potentially attractive to protein depo-
sition. Surface modification provides a convenient way to
limit or direct adsorption of biological molecules such as
proteins on, and in effect the interactions of cells to, the
silicon surface. Other than depositing or growing SiO2 and
SiNx layers, the most common approach to treating silicon
surfaces is to form protective films of other materials.

Plasma polymerization has been used to polymerize a
layer of tetraethylene glycol dimethyl ether (tetraglyme)
onto a silicon surface [240]. The resulting protective coating
is a PEG-like polymer thin film; silicon surfaces thus treated
exhibited less protein adsorption and less fouling. One possi-
ble drawback is that coating of high aspect ratio can suffer
from non-uniformities [239] and can be as thin as
10 nm [240].

The formation of the protective coating can be achieved
by exposing a cleaned silicon surface to tetraglyme vapor in a
plasma chamber. The procedure is also applicable to SiO2
and SiN surfaces which may be desirable for electrical pas-
sivation and compatible with photoresist patterned surfaces
and may conceivably be used on metallic surfaces [239]. In
addition, the film does not interfere with electrical conductiv-
ity of metallic electrodes used for neural sensing. As such, it
can serve as an optimal protective coating for electrodes used

to monitor brain activity and many other applications. How-
ever, the formation process is not fully compatible with
biological molecules and could destroy biologically active
chip components. Hence, as a surface treatment technique, it
should only be applied after the device has been completely
sealed, preventing vapor access to destructible elements, or
prior to the introduction of biologically functional
components.

Acrylic acid can also be successfully grafted onto silicon
through plasma polymerization [241]. Polymeric acrylic acid
coatings lead to higher fluid velocity along the coated sur-
face. Controlling flow and velocity is particularly useful for
devices analyzing or interacting with biological fluids.
Higher velocity leads to lower biomolecule adsorption,
which in the case of blood can lead to less coagulation.
Lowering adsorption on the surface can thus lead to less
coagulation. Devices aimed at implantation in the cardiovas-
cular system could greatly benefit from understanding this
mechanism.

Facilitating controlled cell adhesion and growth is imper-
ative for implantable devices, such as the multi-electrode
arrays. Ultrananocrystalline diamond (UNCD) films are
emerging as a new type of protective film. This type of
films is chemically and electrically inert, has a low friction
coefficient and high wear resistance, provides a good sub-
strate for cell attachment, and can be used with a silicon
surface as the coating base [242]. Furthermore, the film
formation technique is compatible with some common
MEMS fabrication processes. The deposition of the film on
silicon wafers occurs via microwave plasma chemical vapor
deposition, in an argon (99%) and methane (1%) atmosphere
[242]. This process leads to C2 dimer formation, which
supplies nucleation species for the entire film. The deposition
occurs at a temperature of 400–800 �C and is then followed
by several cleaning steps before the surface is ready to be
dried and used. Compared to pure silicon and platinum
surfaces, HeLa, PC12, and MC3T3 cells adhered much better
to the UNCD surface. Furthermore, cells attached to this
surface exhibited lowest cell rounding and highest cell
spreading, which seems to indicate that the UNCD surface
is the most biocompatible surface of the three [242].

The drawback of this technique is the complexity of the
process and cost, making it unsuitable for single-use
applications, for example. Additionally, the high temperature
required to form the film and the aggressive cleaning
solutions used in the process (e.g., piranha solution) may
not be compatible with other processes. The temperature
range at which the deposition occurs affects not only
biological molecules or reagents but would also melt some
metals commonly used in CMOS processes. Although it is
possible to protect different components during the
processing, it would lead to additional manufacturing steps
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and higher cost. Nevertheless, the UNCD approach is per-
haps one of the more reliable ways to modify silicon surface
and can be useful when processes are well designed.

Control over the thickness of protective films is a process
feature desired for every manufacturing process. Atomic
layer deposition (ALD) is a process capable of depositing
ultra-thin conformal films with atomic-level thickness control
[243]. Via this method, materials, such as Al2O3, SiC, and
biocompatible materials (e.g., TiO2), may be deposited on
devices to form protective films. Similar in principle to poly-
electrolyte multilayers, the ALD technique relies on a series
of reactions, each of which terminates after one step, between
the gaseous precursors and the solid substrate. Once a pre-
cursor molecule reacts with the surface, the particular site is
unavailable for further reaction. Furthermore, the molecule
cannot react with itself, limiting the film thickness to just one
layer. The next layer is applied to regenerate the ability of the
desired molecule to adsorb. This cycle can be repeated to
obtain the desired thickness [243]. The deposition of Al2O3
using this technique can be performed at 177 �C. Although
this temperature is high enough to destroy most
biomolecules, it is low enough for the process to be compati-
ble with most CMOS processes. Thus, (i) if insulation of
biological chip components can be achieved or (ii) if the
process can be applied prior to the introduction of such
components, this technique could be used to form protective
films of controlled thickness on silicon devices. The
advantages of this approach are a low temperatures required
(compared to CVD), the ability to form several layers, unlike
self-assembling monolayer techniques [243], and most
importantly the high degree of conformity of the deposited
films [243].

Modification of SU-8 Surfaces Due to its rigidity, chemical
stability, low apparent toxicity, and transparency to visible
light, SU-8 has been used as a structural component in
biochip fabrication [244]. However, since the surface of
SU-8 is hydrophobic, it faces similar challenges as other
materials for controlling protein deposition and cell
interactions.

Modification of SU-8 surfaces has been achieved through
methods similar to PDMS surface modification. PEG graft
polymerization has been achieved through exposure to radia-
tion [245], and hydrophilicity has been achieved through
treatment with ethanolamine [246] or grafting of amine
groups to the surface via a CVD treatment [247]. It is also
possible to apply the cerium (IV)-based surface graft poly-
merization process to modify SU-8 surfaces. This can be
performed at room temperature and can be used to graft a
variety of monomers onto the SU-8 [244]. The method relies
on the opening of residual epoxide rings using a mixture of
nitric acid and cerium (IV) ammonium nitrate, followed by an

incubation of the surface in the same solution containing
monomer, after which the grafting reaction is allowed to
occur at room temperature. Using this method, polyacrylic
acid can be grafted onto the surface to enhance cell attach-
ment [244]. Although this methodology is simple and
straightforward, care must be taken to protect vulnerable
components of the bioMEMS chip from the nitric acid.

12.4.2.3 Modification of Surface Topography
for Improved and Directed Cell
Attachment and Growth

Although the mechanism is not fully understood yet, surface
topography can affect cell attachment, growth, and spreading.
Thus, topographic features (in conjunction with other surface
treatment technologies) could be used to promote or limit cell
growth on specific components of a bioMEMS chip, improve
integration of implants, and even improve on the functional-
ity of cell-based sensors.

To achieve this goal, a technique for selectively patterning
ECM on a surface has been suggested [248]. Microcontact
printing techniques based on self-assembling monolayer
technology on silicon wafers have been used to fabricate
substrates with well-defined regions of ECM [248]. Using
this technique and by controlling geometry [248], it is possi-
ble to coordinate cell attachment density, at least in the initial
phase. Cells, however, are able to migrate onto regions not
covered by the ECM after a while, possibly due to protein
adsorption from the solution or by secretion of ECM
components by the cells themselves [248]. Therefore, it is
imperative to passivate and limit the adsorption of protein to
areas not covered by the patterned ECM.

Introducing various microtopography features such as
ridges of different depth, spacing, and width can influence
cell adhesion and spreading [249]. Through photo ablation
with an excimer laser and the use of a projection lithography/
etching technique, well-defined surface features down to
submicron scale can be fabricated. The desired pattern is
ablated from a polyethylene terephthalate (PET) surface on
a fully automated, computer-controlled stage. Although the
original experiment tested PET and polyvinyl alcohol (PVA),
the methodology is also applicable to mineral or organic
surfaces, since it eliminates the need for a photoresist
[249]. The laser technology can also be used with
temperature-sensitive materials, since heating occurs only in
the area targeted by the laser and the process occurs rapidly –
1 s/cm2

– thus minimizing heat flux to surround areas [250].
Although no theory exists that thoroughly describes the

effects of topography on cell growth and orientation, empiri-
cal results can be used to determine the type of groove
dimensions best suited for the surface treatment [249]. For
example, smoother transitions in surface topography appear
to promote cell growth [43, 249]. However, this effect was
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highly dependent on cell type, cell size, and the surface
chemistry, such as formation of carbon-rich species at the
ablated surface. Nevertheless, the technology provides a
valuable blueprint for future research and may soon find
practical use.

12.4.3 Other Considerations

It can be pointed out that miniaturization of devices in some
sense may make implantable devices more biocompatible.
For example, miniaturized implants can be inserted using
needles and catheters instead of using traditional surgical
methods [70]. Small wounds elicit smaller immune response.
However, there are cases where miniaturization is not the
solution. Szarowski et al. [222] tested the response of brain
tissue to implanted micromachined silicon devices. Follow-
ing implantation, cell density increased in the surrounding
area, as many others have previously discovered with
implanted devices not free to follow the movement of tissue
[251–253]. Furthermore, it was determined that the long-term
brain response to devices of various shapes and with different
degrees of surface smoothness and corner roundedness was
effectively the same and led to device encapsulation through
formation of dense tissue around the device [222]. For this
specific case, since the response was independent of size,
techniques other than miniaturization will have to be utilized
to improve the device. In general, one would need to consider
multiple facets of a packaging scheme in order to determine
the optimal strategy to render devices biocompatible.

12.5 Conclusion

There is no universal packaging scheme that suits all
applications for biochips. Many aspects, including materials,
geometry, and costs, have to be considered in order to design
the best packaging schemes. Most likely, some trade-offs
have to be made – sacrificing some flexibility in certain
aspects to ensure functionality of the device as a whole.
Moreover, continuing research from both academia and
industries in the packaging area will further mature this
field and advance lab-on-a-chip, microfluidics, and
bioMEMS in the long run.
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