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The CPT codes define both panels and individual tests. For example, the
comprehensive metabolic panel (CMP) includes an albumin, alkaline
phosphatase, ALT, AST, bilirubin, blood urea nitrogen (BUN), calcium,
chloride, CO2, creatinine, globulin, glucose, potassium, sodium, and protein.

There are hundreds of individual tests including electrolytes, proteins, liver
and renal function tests, enzymes, tumor markers, various serologies, and
medication levels.

8.2.2 Enzyme-linked immunosorbent assay (Indirect ELISA)�

The ELISA test is performed with any body fluid. The sample containing a specific
antibody of interest is placed in a well that has been coated with a ligand (binding
protein) for that antibody. Antihuman antiglobulin antibody that has been conju-
gated with an enzyme is then added, which binds to the patient’s antibodies adher-
ent to the ligand in the well. A substrate specific for the conjugated enzyme is
added, imparting color. The amount of color is then measured proportional to
the amount of antibody present in the original patient sample. These process
steps are shown in Fig. 8.3.

A typical ELISA plate consists of 96 wells on an 8�12 matrix, each well being
about 1-cm high and 0.7 cm in diameter.

The Abbott Laboratories (Abbott Park, IL) Commander System is an auto-
mated, high-throughput immunoassay testing system for the screening of blood
for hepatitis, retrovirus, and other analytes. The Commander System can initiate
up to 800 tests per hour and consists of a flexible pipetting center, the parallel
processing center, and the dynamic incubator.

False positive results may occur, and some analytes such as HIV require retest-
ing by Western blot, where ELISA measures antibodies to whole virus, Western
blot is an electrophoretic technique that allows analysis of antibodies directed
against several viral proteins such as the envelope, core, or reverse transcriptase.

8.2.3 Chemiluminescence

Chemiluminescence (CL) is the generation of visible, ultraviolet, and infrared light
by the release of energy from a chemical reaction. These reactions can be grouped
into three types: (1) chemiluminescent, which are chemically induced through
synthetic compounds and usually involving a highly oxidized species; (2) biolumi-
nescent (BL), which arise from a living organism; and (3) electrochemiluminescent,
which take place by the use of electrical current. Both CL and BL reactions usually
involve the cleavage or fragmentation of the O22O bond of an organic peroxidase
compound. These bonds are easily cleaved and liberate a lot of energy.

�Alternatively, in the “sandwich” assay, the sample is added to a well coated with an antibody against

an analyte of interest, such as a protein, hormone or drug. A second antianalyte antibody conjugated

with an enzyme is then added to the well.
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uniform pore sizes, allowing the optimization of membrane parameters for cell
immuno-isolation. Bulk and surface micromachining techniques were used to
fabricate chambers within single crystalline silicon wafers that would interface
with the surrounding biological environment through polycrystalline silicon
filter membranes. Membranes were fabricated to present a high density of
uniform pores to allow sufficient permeability to nutrients while preventing the
passage of immunoglobulins. Advantages included membrane biocompatibility,
ease of sterilization, and thermal and chemical stability.

Nanoporous capsules have been developed by Desai et al. (2004) for islet cell
replacement. The capsules were fabricated by bulk and surface micromachining
to present uniform and well-controlled pore sizes as small as 7 nm. The idea is
to provide an immuno-isolating microenvironment, while allowing passage of
nutrients and waste materials.

Polyethylene terephthalate membranes may be machined with an excimer
laser to produce pores as sieves. Combined with surface UV exposure and chemi-
cal etching to increase surface energy for improved nonspecific binding and
electro-osmotic flow characteristics, these devices have been successfully used
for the isolation of leucocytes for subsequent DNA extraction, and the trapping
of silica microspheres for DNA adsorption [Atkin et al., 2004].

9.3.4 Dielectrophoresis�

Early research in electric fields demonstrated that unidirectional linear motion of
dielectric microparticles was possible by application of high-frequency traveling
waves [Fuhr et al., 1991]. Dielectrophoresis is the physical phenomenon whereby
dielectric particles, in response to a spatially nonuniform electric field, experience
a net force directed toward locations with increasing or decreasing field intensity
according to the physical properties of the particles and medium.

In addition to simple electrode layouts, a series of bar-shaped electrodes can
generate a traveling-wave dielectrophoretic force (twDEP), useful for inducing
controllable motion in bioparticles. Lee and Fu (2003) review the use of dielectric
forces for manipulating cells, proteins, and DNA.

By using the difference of dielectric properties between live and dead cells, Li and
Bashir (2002) separated live and heat-treated, fluorescent stained Listeria innocua
cells with great efficiency on microfabricated devices with interdigitated electrodes.

Dielectrophoresis has also been used in isolation and detection of cancer cells,
concentration of cells from dilute suspensions, separation of cells according to
specific dielectric properties, and trapping and positioning of individual cells
for characterization [Gambari et al., 2003]. Medoro et al. (2003) have shown
LOC electronic manipulation and detection of microorganisms based on the use
of closed dielectrophoretic cages combined with impedance sensing. A printed

�Magnetophoresis and electromagnetophoresis are analogous techniques whereby particles may be

separated based on their physical properties such as density and magnetic susceptibility.
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24  CHAPTER 2 

to achieve 3D structures. Many bioMEMS devices incorporate silicon and use 
these same techniques. 
 
 
2.1.2.3  Silicon crystals 
 
While a complete discussion of the structure of materials, including 
intermolecular forces, atomic packing, and bonding is beyond the scope of this 
book, it is relevant to our discussion of fabrication techniques to review the basic 
concepts of crystal structures. Mitchell (2004) provides an excellent review of the 
properties and mechanics of materials, including metals and alloys, ceramics and 
glasses, composites and polymers. 
 There are fourteen types of crystal structures in nature (called space lattices 
or Bravais lattices) classified into seven crystal systems including cubic, 
orthorhombic, rhombohedral, tetrahedral, monoclinic, triclinic, and hexagonal. 
The cubic system (Fig. 2.4) for example, is composed of three space lattices or 
unit cells, including the simple cubic (SC), body-centered cubic (BCC), and face-
centered cubic (FCC). Aluminum, copper, gold, and platinum all exhibit the FCC 
lattice. 
 The cubic structure is not close-packed, and has a large central space, or 
interstitial space. The interstitial space is vacant between atoms that may be 
occupied by a small impurity atom or alloying element.  
 Silicon is an element that exists in three forms: crystalline, polycrystalline 
(polysilicon), and amorphous (glassy). Single crystal silicon wafers may be used 
as a substrate material for MEMS and bioMEMS devices. Polycrystalline and 
amorphous silicon are reviewed below for use as thin films (which have 
thicknesses below 5 µm). Crystalline silicon forms a covalently bonded structure 
and coordinates itself tetrahedrally. Silicon (and germanium) crystallizes as two 
interpenetrating FCC lattices.  

 

 
 

Figure 2.4  The cubic system is composed of three space lattices or unit cells, 
including (a) the simple cubic, (b) body-centered cubic, and (c) the face-centered 
cubic. [Reprinted with permission from Sze (1994), copyright John Wiley & Sons.] 
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SILICON MICROFABRICATION  63 

2.7  Dry-Bulk Surface Micromachining 
 
2.7.1  Deep Reactive Ion Etching (DRIE) 
 
Deep reactive ion etching (DRIE) is a method for building high-aspect-ratio 
micromachined parts, and may be used to make high-aspect micromolds. Plasma 
sources include inductively coupled plasma and electron-cyclotron resonance. 
Etch rate is diffusion limited and decreases with increasing aspect ratio.  
 Inductively coupled plasma is generated by a helical resonator combined 
with an electrostatic shield to produce electric field lines that are circumferential 
in response to the axial RF magnetic field. The power source is driven at 13.56 
MHz, producing a high-density, low-pressure, and low-energy plasma.  
 Electron-cyclotron resonance uses a microwave source, waveguide, magnetic 
field, and quartz chamber filled with gas at low pressure. The interaction of the 
microwave and magnetic fields produces intense high-density plasma to which 
the silicon wafer is exposed.  
 High-aspect-ratio etching is achieved by the Bosch process. Glow discharge 
processes have a tendency to create polymeric species by chemical cross-linking. 
The deposition of this material is typically slower than its removal, and the 
etching is stopped, or passivated, by this layer. The Bosch process takes 
advantage of this by alternating etching and passivation allowing deeply etched 
trenches (Fig. 2.51). Microscopically, this can be seen as a scalloped  
 

 
Figure 2.51  Deep reactive ion etch (DRIE) profile using the Bosch process. The 
process cycles between SF6 gas etching and C4F8 polymer deposition. 
[Reprinted with permission from Maluf (2000), copyright Artech House.] 
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Table 3.1 Smart Materials and their Stimulus. [Adapted with permission from Roy and
Gupta (2003), copyright Elsevier.]

Stimulus Polymer Material

pH Dendrimers�

Poly(L-lysine) ester

Poly(hydroxy-proline)

Lactose-PEG grafted poly(L-lysine) nanoparticle

Poly(L-lysine)-g-poly (histidine)

Poly(n-propyl acrylate)

Poly(ethacrylic acid) (PEA)

Polysilamine (a heterotelechelic oligomer)

Eudragit S-100��

Eudragit L-100��

Chitosan

PMAA-PEG copolymer

Calcium Alginate

Magnesium Chitosan

Organic solvent Eudragit S-100

Temperature Poly(N-isopropylacrylamide) (PNIPAAm)

Magnetic field PNIPAAm hydrogels with ferromagnetic material

Sol-gel transition Poloxamers (block copolymers of polyethylene glycol (PEG) and

polypropylene glycol (PPG))

Chitosan-glycerol phosphate-water

Electric potential Polythiophen gel

IR radiation Poly(N-vinylcarbazole) composite

UV radiation Polyacrylamide crosslinked with

4-(methyacryloyamino)azobenzene

Polyacrylamide-triphenylmethane leuco derivatives

Ultrasound Dodecyl isocyanate-modified PEG-grafted

poly(hydroxyethyl-methacrylate) Poly(HEME)

Dual-stimuli stimulus

Calcium and PEG Carboxymethyl cellulose

Calcium and temperature Eudragit S-100

Calcium and acetonitrile Eudragit S-100

328C and 368C Hydrogels of oligoNIPAAm and oligo(N-vinylcaprolactum)

pH and temperature Poly(N-acryloyl-N0-propyl piperazine)
Light and temperature Poly(vinyl alcohol)-graft-poly-acrylamide-triphenylmethane

leucocyanide derivative

�Dendrimers are large and complex molecules of consistent size and form. They have a regular and highly

branched 3D architecture consisting of three components: core, branches, and end groups.
��Eudragit L-100 and Eudragit S-100 (Röhm GmbH& Co., Germany) are ionic copolymers based on methacrylic

acid and methyl methacrylate, in ratios of 1:1 and 1:2, respectively.

90 CHAPTER 3

darab
Text Box
A chemical compound sketch has been removed.



darab
Rectangle

darab
Line



darab
Rectangle

darab
Line



darab
Rectangle

darab
Line



darab
Rectangle

darab
Line



darab
Rectangle

darab
Rectangle

darab
Line



GENOMICS AND DNA MICROARRAYS  351 

 During and after transcription the primary transcript undergoes several 
modifications before the mature mRNA is released into the cytoplasm for protein 
translation. Different mature mRNA molecules may result from the primary 
transcript, resulting in different proteins. From the µTAS developer’s 
perspective, it should be realized that this additional level of encoding exists. The 
genetic code is the message carried by mRNA, and is made up of triplets of 
adjacent nucleotide bases called codons. 
 Once in the cytoplasm, the mature mRNA meets with ribosomal RNA 
(rRNA) and transfer RNA (tRNA), which consists of 3-nucleotide sequences, or 
anticodon, that undergo complimentary base pairing with the mRNA codon 
[Lodish, 2004]. The codon-anticodon interaction aligns the appropriate amino 
acid (of 20 available) for peptide growth in a sequence determined by the genetic 
code. Polypeptide synthesis on the ribosome includes initiation, elongation, and 
termination phases. After synthesis, posttranslational or cotranslational 
modifications occur for protein folding, targeting, activation, and stability 
[Tefferi et al., 2002]. 
 Polymorphism refers to sequence variation. When the rate of variation at a 
specific point in the DNA yields a variant sequence that is found in more than 
1% of the population, it is referred to as polymorphism. If less than 1% the 
variation is referred to as a mutation. Single nucleotide polymorphism may be 
detected by microarrays and have the potential to be used in studies of genetic 
susceptibility to diseases. 

 
11.2  Polymerase Chain Reaction (PCR) 
 

The PCR is an in vitro method of replicating small DNA sequences into millions 
of copies over a short period of time. Nanomolar quantities of DNA can be 
replicated within a few hours. PCR may be used for genetic testing in disease 
diagnosis, monitoring response to treatment, and tissue typing. 
 A typical PCR requires (1) two oligonucleotide primers, (2) a thermally 
stable DNA polymerase, (3) supply of free nucleotides, and (4) a small amount of 
DNA sample that contains the sequence of interest [Tefferi et al., 2002]. The 
DNA fragment of interest must be known, so that short DNA primer fragments 
can be synthesized in advance, and are complimentary to the 3′ end of each 
sample stand. Figure 11.6 shows three cycles of the PCR.  
 Table 11.1 shows how, with increased number of cycles, the number of 
actual target replications far exceed the original sample DNA [Carey, 2002]. 
 PCR can lead to incorrect interpretation if one of two different genes 
amplified with gene-specific primer sets in adjacent regions, preferentially 
amplifies because of  the thermodynamic advantage of one primer set over the 
other. In addition, two allelic variations of the same gene may amplify differently 
if the polymorphism affects the secondary structure of the amplified fragment 
[Shimkets, 2004]. 
 Note that DNA can be amplified by methods other than PCR, such as by 
recombinant cloning. This is accomplished by inserting the target DNA into a 
bacterium that is capable of extended cell division. 
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PACKAGING, POWER, DATA, AND RF SAFETY  471 

 

Figure 14.18  Inductive transensor. (a) 3D representation, and (b) cross section. 
[Reprinted with permission from Baldi et al. (2002). Copyright IEEE, 2002.] 
 

The design, fabrication, and test of a passive pressure transensor have been 
reported [Baldi et al., 2002]. The sensor uses the self-resonant frequency modu-
lation of an integrated coil to detect pressure variations. A ferrite core is attached 
to a silicon membrane, and relative motion of the core is detected. Figure 14.18 
shows the transensor cut-away view of the coil, and a cross-sectional view. When 
the membrane is deflected and the core moves toward the coil, inductance is 
increased, and the self-resonant frequency is reduced. Transduction of pressure 
changes to inductance changes in this manner has shown good sensitivity. 
 Other implementations have included a low-power Colpitts microtransmitter 
using a low-loss silicon platform for biotelemetry application [Ziaie et al., 1997], 
and an ASIC-based implantable telemetry microsystem for electromyograph 
(EMG) recording that is powered by inductive coupling with bidirectional data 
exchange ability [Parramon et al., 1997]. To achieve greater transmission 
distances it is necessary to consider more sensitive receivers or microstrip 
circuits. Using a tunnel diode LC circuit, reliable telemetry up to 3 m has been 
achieved [Suster et al, 2001]. 
 A microstrip patch antenna for communication with medical implants has 
been described by Soontornpipit et al. (2004). Implantable microstrip antennas 
pose a challenge because of the lossy environment, and inherent antenna 
efficiency reduction. These devices are sensitive to their environment and 
dissipate a lot of power in the near-field (discussed below). While drawbacks to 
communication, these features contribute to their utility as sensors or for 
generating localized elevations in temperature. The latter is a useful therapeutic 
tool for cancer therapy and thrombosis ablation. The authors have shown that 
spiral and serpentine antenna designs were effective radiators for communication 
in the desired band. 

A programmable intraocular CMOS pressure sensor with RF transponder for 
wireless data transfer and power reception has been described [Stangel et al., 
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