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Research on microfluidic technologies has become extensive, particularly in regards to the develop-
ment of sample-to-answer platforms focusing on protein and nucleic acid diagnostics. However, as
of yet there have been no such systems to reach the market with as much success as, for example,
the handheld blood glucose meter. Many of the hurdles yet to be overcome in the nucleic acid
diagnostics field revolve around preparation of the biological sample, a subject often ignored or
only taken into account as an afterthought. Here, the steps typically involved in a nucleic acid
diagnostic system are presented with an emphasis on sample preparation. Centrifugal microfluidic
platforms based on the compact-disc format are discussed, along with the advantages they hold to
tackling each of the steps involved in molecular diagnostics. Finally, an overview of the challenges
that remain to the development of a microfluidic nucleic acid diagnostics system are presented,
with solutions and a forward-looking description of a system that can be used both in and out of
a standard laboratory setting.

1. Introduction

While the field of microfluidics is expansive, the
focus is often on molecular diagnostics. Microscale
phenomena can be taken advantage of to effi-
ciently prepare biological samples for the detection
of nucleic acids (NA) and proteins [1]. Indeed, the
‘holy grail’ in this field is the development of a
single system that can accept a wide range of bio-
logical samples, such as blood or saliva, perform
the required sample preparation and analysis, and
quickly output an answer with little or no user
input required, save for the initial sample intro-
duction. There are few successful examples of such
sample-to-answer systems for nucleic acid and
protein diagnostics in research or development,
and even fewer examples that are commercially
available, if any [2,3]. In contrast, there are notable
sample-to-answer successes for measuring simpler

analytes in biological samples, such as finger-stick
blood-glucometers, Abbott’s blood gas and electro-
lytes panels, and urine-based pregnancy tests [4].

Over the last 10 years, research towards imple-
mentation of NA and protein-based diagnostic
tests using microfluidics has skyrocketed, driven
in large part by the rapid progress made in the
field(s) of molecular biology and molecular diag-
nostics [5]. When developing microfluidic systems
for molecular diagnostics, the problem is usually
parsed into the development of separate pieces of
equipment that tackle single steps within the total
sample-to-answer process. Often the emphasis is
placed on the amplification of the NA analyte or on
a more sensitive and/or selective detection of the
NA or protein. Commonly, little or no emphasis
is placed on preparing the sample itself, or taking
into consideration how and from where the sample
is obtained [6].
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The neglect of sample preparation is one of
the most important pitfalls that has prevented a
more widespread success of portable, integrated,
microfluidic system for molecular diagnostics, and
NA diagnostics in particular. Here, the authors
attempt to logically break down and define the
general steps required in such a sample-to-answer
NA system, with an emphasis on sample prepara-
tion and technology description and clarification.
The argument is made for centrifugal microfluidic
devices, and the authors present their vision of
the future for this field using centrifugal platforms
as an example. Finally, challenges and solutions
are presented that reach beyond just centrifugal
platforms.

2. Background

There is a myriad of terminologies used in the
field of microfluidics to describe an integrated
system that can accept a sample and perform
a complete analysis: micro total analysis system
(µTAS), lab-on-a-chip (LOC), and, when refer-
ring to centrifugal platforms, lab-on-a-CD. Other
terms include point-of-care (POC) and sample-to-
answer. Sample-to-answer and µTAS are approxi-
mate synonyms referring to the methods and
systems discussed in this paper. LOC and lab-on-
a-CD refer to particular steps or processes adapted
onto microscale devices and centrifugal microscale
devices, respectively, but do not necessarily indi-
cate a complete system. Point-of-care refers most
commonly to diagnostic tests performed at the
patient’s location, as opposed to sending a sample
to a lab. In practice, all these terms are often used
as synonyms. Here, the authors will use the terms
µTAS, POC, and sample-to-answer interchange-
ably when discussing complete, microfluidic, mole-
cular diagnostic systems.

A common and general sample-to-answer process
flow for NA diagnostics (1) is as follows: 2) sample
collection, 3) sample preparation, 4) amplification,
and 5) detection (figure 1). Variations in these
steps are dictated by the type of sample collected.
For example, a highly concentrated NA sample
or a very sensitive detection scheme may negate
the need for amplification. In the discussion that
follows, however, all these steps are addressed.

2.1 Analyte

The first and most obvious step when performing
NA diagnostics is collection of the sample. How-
ever, before discussing what types of samples can
be collected, it is worth briefly mentioning what,
physically, the tests hope to detect. NA tests will
target either DNA or RNA as the analyte, as shown

Figure 1. Process flow of a typical nucleic acid analysis,
listing common examples for each step.

in table 1. In the case of DNA, one can detect
the presence of foreign DNA (e.g., the DNA of
a bacteria causing infection), or one can examine
changes in genomic DNA (e.g., mutations that may
be the source of cancer).

When targeting RNA, there are many different
types to consider, including messenger RNA
(mRNA) and ribosomal RNA (rRNA). rRNA has
shown a high degree of evolutionary stability, and
is present in relatively high concentrations inside
cells [7]. For example, detection of 16S rRNA can
be a good choice for identification of pathogenic
strains present at low concentrations [8].

In the case of an extremely low pathogen con-
centration, such as with sepsis, mRNA can be a
good choice for detection. One can choose to look
for a specific host gene-marker expression response,
elicited by the presence of a microbe, by profil-
ing mRNA production of the infected organism.
This allows for testing with significantly smaller
sample volume sizes, which is more compatible
with microfluidic disposables [9,10]. mRNA detec-
tion can also be an excellent option when one
wants to genetically profile, for example, tumor
tissue.

2.2 Sample collection & characteristics

The biological sample is almost always collected
with a means independent of the microfluidic
device that performs the analysis. Sample collec-
tion methods are not discussed in detail here, but
it is important that the reader has an overall
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Table 1. Analysis-relevant contrasts between DNA and
RNA, listing common characteristics of each.

Characteristic DNA RNA

Primary
structure

Double stranded
(including linear
and circular) –
requires
denaturation or
digestion to
obtain single
strand, often
required for
amplification
and/or detection

Single stranded;
secondary
structure is often
present, requiring
denaturation for
amplification
and/or detection

Type Genomic,
plasmidic

mRNA, rRNA,
as well as
genomic (viral)

Concentration Relatively low
concentrations,
but always
present

Can be in
relatively higher
concentrations,
but run the risk
of having none
present if not
currently being
expressed

Location Inside cells
and/or viruses

Inside cells
and/or viruses

Amplification Can be directly
amplified by
most methods

Must sometimes
be reverse-
transcribed into
DNA before
amplification
(e.g., PCR); can
also be directly
amplified
(e.g., NASBA)

Diagnosis Can detect the
presence of an
analyte

Can detect the
presence of an
analyte as well as
the condition of
the analyte (e.g.,
are certain
proteins being
expressed)

understanding and appreciation for how a given
sample is collected, and the impact this can have
on further analysis. Without going into details
about specific conditions and diseases, one can also
gain an appreciation for sample types by listing
the most common clinical samples collected: blood,
urine, nasopharyngeal (including direct swabs and
aspirates), tissue, fecal, saliva, and interstitial fluid
to name a few. The reader is referred to the follow-
ing reference for a more comprehensive overview of
sample collection methods [11].

When designing downstream steps, it is essen-
tial that the minimum expected concentration

of analyte be known and kept in consideration.
The scaling relation between sample sizes and
concentrations can be seen in figure 2. With NA
diagnostics, the analyte of interest is often present
in very low concentrations and in some cases, such
as sepsis, can be as dilute as <10 DNA molecules
per mL of sample when directly targeting microbes
[13]. This represents a concentration on the order
of zeptomolar (10−21 M). In such a case, a very
specific and powerful amplification coupled with a
sensitive detection is required. This also dictates
how much sample needs to be collected. If, for
example, the test requires at least 100 copies of
DNA for valid detection, then in the sepsis case
above, 10 mL of blood is required at minimum.
Somewhat contradictory, the microfluidic dispos-
able must then be able to handle and process this
macro amount of fluid. On the other hand, a much
smaller sample volume will likely be required if
processing respiratory samples for virus detection,
as viruses can be present in concentrations as high
as 109 per mL (10−11 M).

Other important sample parameters include
fluidic properties, such as viscosity, surface tension,
and density. These properties and, more impor-
tantly, the variation in these properties among
different samples can have a significant effect on
the microfluidic function of a given disposable.
Additionally, biological inhibitors in the sample
must be taken into consideration. For example, it
is well known that the hemoglobin in red blood

Figure 2. Scaling of sample concentrations and volumes
(based on [12]).
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cells inhibits polymerase chain reaction (PCR),
the most common DNA amplification method
[14]. Interfering compounds must be identified
and neutralized or removed. Finally, the physical
and biological homogeneity of the sample must
be considered, as this will largely dictate what
types of sample preparation steps are required.
For example, respiratory samples will need to be
thoroughly homogenized to release and spread the
analyte out evenly, and to remove large solids that
could interfere with the microfluidics.

There are many factors to consider, and several
of them are closely linked. While average sample
characteristics can often be deduced or even
extracted directly from the literature, the authors
wish to emphasize that it is extreme deviations
from the average that cause a system to fail. Impor-
tantly, the sick patients for whom the system is
used represent those extreme cases. For example,
the disposable may well be able to process blood
from a healthy patient with a normal hematocrit
level (red blood cell count). However, the dispos-
able may fail when hematocrit levels are parti-
cularly high or low, as is the case with many ill
patients for which the test is designed. As another
example, ill patients have particularly viscous
nasopharyngeal samples, which can easily clog even
the largest of microchannels in a fluidic device.
Only with a keen understanding of the sample
and its characteristics can the downstream analysis
steps be robustly designed.

2.3 Sample preparation

Once the sample has been collected and intro-
duced into the analytical system, the first task is to
prepare the sample for analysis. The most crucial
aspect of sample preparation is lysis. The NA must
be released from the cells and/or viruses to make it
available for amplification and/or detection. Again,
it is necessary to know in detail the characteri-
stics of the sample from which the NA will be
extracted. For example, if the analyte is RNA, it
may be present in viruses, host cells (e.g., white
blood cells), foreign cells (e.g., bacterial cells), or a
combination thereof.

Various forms of lysis have been developed
and are in use, including enzymatic lysis (diges-
tion via enzymes), chemical lysis (breakdown via
detergents), plasma lysis (disruption via electri-
cal charge pulses), and mechanical lysis (break-
down via physical means). The two most common
types of lysis are chemical and mechanical [15].
Chemical lysis methods can leave behind residual
substances that must often be removed or filtered
out. However, these methods require little or no
power and can be activated just by mixing or
reconstitution of reagents. Mechanical disruption

requires more energy, but leaves behind no residual
chemicals. However, it often requires the sample
to come in contact with some energy transfer
medium (e.g., beads). Nucleic acids may adsorb
to this medium, decreasing the concentration and
ultimately degrading amplification and detection
steps.

Mechanical lysis is the most effective method
for breaking down cells that have thick cell
membranes, such as Gram-positive microbes, and
for successfully extracting intact DNA [16,17]. One
mechanical lysis method known as bead beating is
the most efficient method in this respect, and func-
tions by combining cells with an agitated mixture
of milling beads [18,19]. This method can be well
controlled by altering the bead size and the extent
of agitation.

The mechanical lysis methods mentioned are not
selective; all cells and/or viruses are disrupted.
In some cases, especially when preparing blood
samples, it may be necessary to perform a sepa-
ration step before lysis. Separation steps usually
occur on the cellular or viral level. When processing
blood, the red blood cells, white blood cells, and
plasma can be separated using a centrifugal den-
sity gradient. Often times the host NA present in
white blood cells can severely hinder amplification
or detection methods, and so must be removed or
avoided all together by processing only the plasma.
Antibodies can also be used to capture particular
cells or viruses of interest. As mentioned above,
there may be inhibitors within the sample that can
hinder downstream steps. Separation steps are usu-
ally used when this is the case.

While separation steps can greatly reduce the
amount of interfering compounds, it may also be
necessary to perform a purification step on the NA,
in which the NA of interest is isolated. This step
occurs after cell lysis, and usually accompanies a
concentration step in which beads functionalized
with NA capture probes gather the NA of interest
as the lysed sample flows through. Then, the
captured NA is eluted (e.g., by heating or pH
change) into a defined buffer volume. This solid-
phase capture technique serves to both purify and
concentrate.

In theory, most or all of these steps should be
used to ensure that a very concentrated and clean
sample is delivered to the amplification and/or
detection steps. In today’s practice, this often
means a very complex, lengthy, and costly system.
Imagine a microfluidic system designed for blood-
based microbe detection that accomplishes the
following tasks: it accepts a blood sample (say
with a volume on the order of several mLs), per-
forms a centrifuge-based separation step to isolate
the plasma (or perhaps the white blood cells and
plasma), performs mechanical cell lysis step on the
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plasma to release the microbial DNA, flows the
resulting lysate over a column of microbeads func-
tionalized with capture probes that hybridize only
with the microbial DNA of interest, and finally
washes an elution solution (with a volume on
the order of µL) over the same capture beads to
release only the microbial DNA. The result is a
much smaller volume of solution containing a clean,
pure, and concentrated DNA sample. The reader
is encouraged to envision what such a complex
system might look like, and to recognize this does
not even include the amplification and detection
steps to come.

2.4 Amplification

Once the sample prep steps are completed, the next
required step is usually amplification of the NA of
interest (i.e., the target). This most often takes the
form of polymerase chain reaction (PCR), in which
DNA is amplified by the use of DNA polymerase,
or reverse transcriptase-PCR (RT-PCR), in which
RNA is first reverse-transcribed into DNA, and
then amplified using PCR. The authors will not
discuss in detail how these methods work, but
instead will focus on existing alternate methods
and terminology issues that arise when working
with NA amplification.

While PCR requires the sample to be ther-
mocycled between at least 2 different tempera-
tures, other NA amplification methods exist that
allow for amplification at a single temperature –
isothermal amplification. Most isothermal amplifi-
cation methods are enzymatic-based and amplify,
much like PCR, the nucleic acid target. Examples
of these alternatives include helicase dependant
amplification (HAD) [20], recombinase polymerase
amplification [21], and Nucleic Acid Sequence
Based Amplification (NASBA) [22]. If methods
such as these are used, the amplified target can
be detected using the same detection systems for
PCR product analysis. Other isothermal enzy-
matic amplification technologies do not amplify
the targets themselves, but instead amplify the
primers. Such is the case for rolling circle amplifi-
cation (RCA) [23] and Expar, which can produce
a 106-fold signal amplification in 5 minutes as
detected by nanobead agglutination [24]. Other
isothermal amplifications are not enzymatic-based:
branched DNA amplification [25] relies only on
hybridization, Nanosphere’s technology uses gold
nanoparticles to catalyze silver deposition when a
specific NA is present [26], and fluorescent chain
reaction (FCR) uses polythiophene polymers to
detect the NA of interest in very small quanti-
ties [27]. The reader is encouraged to review the
referenced publications to appreciate the variety of
amplification mechanisms available.

While PCR provides a very specific and intense
amplification, it can be very time and power con-
suming, as many temperature transition cycles
must be completed. In the case of many analytes, a
non-PCR method may be ideal, as it could provide
time and power benefits. When deciding on which
amplification method to use, or indeed if one is
required at all, it is necessary to fully characterize
the sample and the conditions of amplification
desired. Characterization of NA amplification abili-
ties is often an extremely difficult task.

Confusion abounds when engineers and mole-
cular biologists discuss NA amplification methods.
This can be attributed both to nomenclature
confusion and unqualified statements about ampli-
fication capabilities. Standard PCR is singled out
for the sake of this discussion.

Molecular biologists refer to running a PCR
experiment or assay as ‘running a reaction’ (often
abbreviated ‘rxn’), and refer to the number of
copies of starting analyte DNA in a reaction –
e.g., they would say ‘we are running a rxn with
100 copies.’ This statement does not include impor-
tant qualifiers that describe the conditions of the
assay, such as the liquid volume of this reaction
(are those initial 100 copies dissolved in 50 pL or
50µL?), which makes a huge difference in terms of
the initial concentration of DNA. This has severe
implications for the sample preparation steps, as
it could mean the difference between requiring a
run-of-the-mill DNA concentration step or a very
intense concentration step.

Scientists and engineers are also guilty of confus-
ing the terms limit-of-detection (LOD) and sensi-
tivity when discussing PCR. Limit of detection
refers to the smallest amount of material one is able
to detect (viz., the low limit-of-detection). Sensi-
tivity refers to the slope of the calibration curve
for a given detection system. In the case of fluo-
rescence detection, if the amount of emitted fluo-
rescence changes only a small amount, but the
detection system signal changes by a large amount,
then the detection system is sensitive. If the detec-
tion system does not output a significant signal
when the fluorescence concentration is less than
10−12 M, then the LOD of the system is 10−12 M.

When discussing PCR, the term sensitivity is
often incorrectly used in place of LOD. The state-
ment ‘this PCR assay has a sensitivity of 10 copies’
provides no real information. The intent of the
statement is to convey that the LOD of this
specific PCR assay under a given set of con-
ditions (which remain unstated) is 10 copies.
This means that for this given PCR assay, in a
given volume, under given conditions, no signal is
detected when less than 10 copies of starting DNA
analyte are used. Keep in mind that this statement
also encompasses the capabilities of the detection
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method – is the detection based on a fluorescence
or electrochemical signal? Each comes with its own
inherent limitations.

Engineers have allocated a lot of resources
to developing systems that can run faster PCR
reactions in smaller volumes. A source of confusion
in this area stems from statements such as ‘the
system can run PCR in 5 minutes.’ Again, no quali-
fiers are given. Often, this statement refers only to
the pure thermocycling capabilities of the system,
with disregard for the actual PCR assay capabili-
ties. A system with rapid thermocycling capabili-
ties that can heat and cool a volume of fluid from
60◦C → 72◦C → 95◦C → 60◦C (a typical PCR
thermocycle) within 1 second will likely give very
poor PCR results (i.e., the LOD will be very poor).
In fact, it has been shown that slower, more uni-
formly controlled heating and cooling rates greatly
increase the LOD of a PCR reaction [28]. Moreover,
each PCR assay is different – under a given set of
conditions, a PCR assay designed to detect a single
analyte may exhibit a LOD of 10 copies. A simi-
lar assay designed to detect an additional analyte
in a multiplex fashion (i.e., two different analytes
are simultaneously amplified within a single PCR
reaction volume) may show a LOD of 100 copies
for the original analyte and 500 for the additional
one. This often occurs as different multiplexed ana-
lytes compete for PCR chemicals (e.g., polymerase
enzyme and nucleotides).

Finally, engineers’ attempts to run PCR in very
small volumes usually ignore realistic sample con-
centrations. For example, a system with a single
molecule LOD in a pL size droplet has a start-
ing analyte concentration of ∼1 × 10−12 M. For
comparison, a standard yet robust 25µL PCR
assay may exhibit a LOD of 10 starting copies.
This translates to a starting concentration of
∼5 × 10−19 M, a difference of 7 orders of magni-
tude better LOD as compared to the droplet PCR
system! The reader should now have an apprecia-
tion for the complexity of characterizing a PCR
system, and should realize that all conditions and
qualifiers should be taken into account. Once
amplification has taken place (if it was required at
all), the final step is detection.

2.5 Detection

The final step in NA analysis is detection of
the analyte. The detection step can be incorpo-
rated during amplification, and the most common
method of this is real-time PCR (not to be confused
with RT-PCR, which strictly refers to reverse-
transcriptase PCR, as discussed above). Real-time
PCR comes in various forms, all of which involve
the monitoring of an increased fluorescence signal
as amplification progresses (figure 3a–c). Once the

Figure 3. Schematic showing the most common forms of
optical nucleic acid detection. a) Real-time PCR using inter-
calating dyes, b) real-time PCR using hairpin FRET probes
that emit fluorescence upon analyte binding, c) real-time
PCR using TaqMan FRET probes that release the FRET
pairing upon digestion by a polymerase, d) DNA microar-
ray using a labeled sample, and e) DNA microarray
using a capture probe-analyte-reporter probe sandwich
structure.

accumulated fluorescence signal increases above
a certain background fluorescence, or threshold,
amplification is verified. The cycle number at
which this verification occurs is often referred
to as Ct (threshold cycle). When references are
included in a multiplexed fashion (e.g., 10 copies
of reference A and 1000 copies of reference B),
a starting-concentration calibration-curve can be
created based on Ct values. This can then be used
to back-calculate the starting concentration of the
analyte(s) of interest. In this case, the real-time
PCR becomes quantitative, and is referred to
as qPCR.



MICROFLUIDICS FOR BIOLOGICAL ANALYSIS 117

The various forms of fluorescence labeling for
real-time PCR include the use of dyes that bind
to double-stranded DNA and become fluorescent
(figure 3a). An example of this is the commonly
used SYBR green dye (SYBR Green I). These have
the disadvantage of not being specific – they bind
to all double-stranded DNA.

As an alternative, fluorescently-labeled DNA
probes can be used to provide specificity. These
have the additional advantage of allowing multi-
plexing, as different fluorophores can be used
for each analyte. However, they remain expen-
sive. These use Förster resonance energy transfer
(FRET) probes (i.e., a reporter and a quencher)
to minimize fluorescence until a binding or
polymerase-extension event occurs. In the former
case, a hairpin DNA probe is often utilized with
FRET quenching near the probe’s end until bound
with the analyte (figure 3b). In the latter, the
probe is digested by the polymerase, thus separat-
ing the FRET probes. This is currently the most
common real-time PCR method used, and goes by
the trade name of TaqMan (viz., TaqMan probes)
(figure 3c).

Limitations on PCR chemistry and fluorescent
probes prevent robust multiplexing beyond 4–
6 analytes at a time. When more analytes are
of interest, optical DNA microarrays are often
used for detection (figure 3d–e). Capture probes
designed to hybridize with the NA of interest
are immobilized (usually with the use of a spot-
ter) on a substrate. The sample is fluorescently
labeled (usually by using PCR to incorporate flu-
orescently labeled primers) and is applied to the
substrate, followed by a wash and/or rinse to
remove nonspecifically-bound and adsorbed ana-
lyte (figure 3d). Alternatively, the sample (non-
labeled) can bind to the capture probes, and in a
second step a fluorescently-labeled reporter probe
binds to the captured sample, forming a sand-
wich structure. This has the advantage of added
specificity by the use of dual probes, but the dis-
advantages of increased complexity (figure 3e).
Capture probe spots that become fluorescent indi-
cate successful hybridization and detection.

As with optical microarrays, electrochemical
microarrays can achieve similar results, but often
with less expensive hardware. However, they often
require complex electrical multiplexing, as each
detection spot will require sensing electrode(s).
These detection schemes often utilize enzymatic
labels, and the enzymatic products are detected
electrochemically. For example, DNA can be
labeled with horseradish peroxidase via a biotin-
streptavidin chemistry. These methods have the
benefit of built-in signal amplification, and may
negate the need for NA amplification in some
cases.

Microarrays allow virtually simultaneous screen-
ing of many analytes at once. In contrast to
real-time PCR, they may dictate the need for
a less-specific PCR assay – one that amplifies
many different analytes at once. Specificity is then
achieved through the microarray capture probes.
If signal amplification can be built into the
detection scheme, then NA amplification may be
eliminated, such as with FCR and Nanosphere’s
technology, referenced above.

3. Centrifugal microfluidics

Microfluidic platforms hold much promise to
tackle and integrate the NA diagnostics steps
discussed here. There are numerous demonstra-
tions of the benefits gained by moving from a
typical wet-bench set-up to a microfluidic device.
Some of these benefits include reduced reagent
use, significantly decreased total processing time,
and increased abilities for high-throughput and/or
parallel processing [1,29].

As with any field, microfluidics does not come
without its particular set of challenges. Foremost
is the issue of laminar flow typical for the low-
Reynolds number conditions in many microflui-
dic conduits. Mixing, required for fast reactions,
in low-Reynolds number conditions remains chal-
lenging. Other problems include pumping and
the ever-present experimentalist’s enemies – sur-
factants, which can cause many valves to fail,
and channel-clogging air bubbles. The authors
believe that centrifugal (CD) microfluidic plat-
forms provide many elegant solutions to overcome
some of these limitations inherent to microfluidic
disposables.

3.1 CD advantages

While developing fluidic devices of any kind, the
main concern is how to get liquids to and from
the areas of interest in a controlled manner.
This general problem can be summarized as the
need for two technologies: pumps and valves. The
centrifugal compact-disc (CD) platform provides
elegant, simple, and effective modes of pumping
and valving.

Fluid propulsion on the CD is performed by cen-
trifugally induced pressure on the fluid as the CD
spins, and Madou et al and Duffy et al have chara-
cterized this type of flow extensively [30,31]. The
volumetric flow rate is dependent on the speed at
which the disc spins, the distance from the center
of the disc, the geometry of the fluidic channels,
and the fluidic properties (namely density, visco-
sity, and surface tension) (figure 4a). By using com-
binations of different channel geometries and spin
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Figure 4. Schematic of microchannels on a CD. a) Two
reservoirs connected by a single channel, b) hydrophobic
valve made by a channel restriction in a hydrophobic
material, c) hydrophobic valve made by functionaliza-
tion of the channel surface with hydrophobic material,
and d) capillary valve made by a channel widening in a
hydrophilic material (adapted from [33]).

speeds, flow rates ranging from 5nL/s to 0.1 ml/s
can be achieved with a high degree of accuracy and
precision. Typical fluid-pumping rotation speeds
used range from 300 to 2000 RPM.

Centrifugal pumping forces on the CD provide
many advantages over some of the other pumping
methods available, such as syringe, peristaltic and
electroosmotic pumping. Today’s pressure-driven
syringe and peristaltic pumps provide very good
control over large flow rates, but can be unwieldy
when trying to miniaturize and/or process in
parallel [32]. In addition, the pressures needed
to move fluids through microchannels scale dis-
advantageously as 1/r4, so they become very
large in the microdomain. This makes implemen-
tation into small, high-throughput platforms dif-
ficult. Electroosmotic pumping methods overcome
these problems, as they scale more advantageously
in the microdomain and can be easily adapted
into microchannels using microfabrication. How-
ever, these methods are highly dependent on pH
and ionic strength of the fluid being pumped
[32]. The high-voltage power supplies (�1 kV)
required in these systems make them expensive
and rather unpractical. Centrifugal forces, how-
ever, do not need large power supplies (only a
low-power motor), are not dependent on pH or
ionic strength of the fluid, and do not need fluidic
interconnects or tubing for force application. They
also provide forces across the entire length of a
fluid element, providing smooth and controlled
flow. This has additional benefits, as bubbles that
develop have less chance of disrupting downstream
fluidic processes. In the authors’ experiences, bub-
bles have been a negligible issue on CD platforms.
In addition, many individual systems can be placed
on a single CD, making parallel processing easy.

When combined with the simple valving solutions
available on the CD, powerful platforms can be
developed.

Valving on the CD is performed using two
main valve types: hydrophobic and capillary
(figure 4b–d). Hydrophobic valves can take two
different forms: one utilizing changes in channel
geometries (figure 4b) and the other utilizing
surface modification (figure 4c). In both cases, the
fluid can be forced past the hydrophobic valve by
increasing the spin frequency past a critical value.
The capillary valve is commonly used in CD plat-
forms, and is a result of the balance between cen-
trifugal and surface tension forces in a hydrophilic
material (figure 4d). When fluid being pumped
through a narrow channel by centrifugal forces
reaches an abrupt widening, a large surface ten-
sion force develops at that widening. If the surface
tension force is greater than that of the centrifugal
force, then the fluid flow will stop even though
the CD continues to spin. At a certain higher fre-
quency, known as the burst frequency, the centrifu-
gal forces will overcome the surface tension forces
and the fluid will continue down the channel. By
designing microfluidic structures with channels of
varying capillary valve sizes, control of when a
valve ‘opens’ can be achieved simply by increasing
the rotational speed of the CD. This has in fact
been implemented to obtain sequential control of
valve openings.

For a more comprehensive overview of CD plat-
forms, consult the literature [33]. The advantages
of CD platforms discussed above have led to the
development of several platforms geared towards
NA diagnostics. When combined with the fabrica-
tion methods described below, centrifugal micro-
fluidic platforms can be prototyped with relative
ease.

3.2 CD fabrication

Most commonly, CDs for microfluidic applica-
tions consist of multi-layer structures made of
inexpensive polycarbonate plastic and pressure-
sensitive adhesives (PSA). Using relatively simple
CNC machines, channel widths down to 1 mm
are machined into stock polycarbonate plastic.
A cutter-plotter is used to cut channel widths
as narrow as 200µm in thinner materials such
as 100µm-thick PSA or thin plastic films. Once
the appropriate pieces have been designed and
machined, they are aligned centrally and radially
and laminated together using the PSA layers.

Even the simplest, microfluidic CD used in the
Madou research group consists of no less than
5 layers: (1) top polycarbonate CD with CNC-
machined sample loading, sample removal, and air
venting holes (sealed using a thin adhesive film
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Figure 5. Schematic showing the assembly of a typical
5-layer microfluidic CD.

during operation), (2) pressure-sensitive adhesive
with microchannel features cut using a plot-
ter, (3) middle polycarbonate CD with CNC
channel features, (4) pressure-sensitive adhesive
with microchannel features cut using a plotter,
(5) solid bottom polycarbonate CD to seal off the
channels (figure 5). Microfluidic CD platforms can
involve more layers to accommodate more complex
fluidics. Moreover, different devices and substances
can be placed inside the CD during fabrication,
such as beads, lyophilized reagents, or filters. The
CDs can also be exposed to O2 plasma treatment or
functionalized with bovine serum albumin (BSA)
to create hydrophilic and hydrophobic surfaces,
respectively. The fabrication process usually ends
with running the CDs through an industrial press
to ensure excellent adhesion and sealing between
all CD layers.

While the majority of CD platforms developed
by the Madou group utilize standard macro-
machining processes, microfabrication is easily
integrated onto the CD platform. This usually
takes the form of creating microfluidic PDMS
molds on 6′′ Si wafers using multi-level, thick-resist
lithography. Once created, these soft-lithography
PDMS parts can be placed on a polycarbonate
CD.

The authors have found that using these fabri-
cation methods allows for a manageable transition
when moving from prototyping to mass production
of injection molded plastic disposables. The ability
to produce injection molded parts with microscale
features is of great importance to success, and is
discussed further in section 4.1.

3.3 Current CD platforms

The Madou group along with many others has
developed several CD platforms geared towards

NA diagnostics and the analysis steps described
above. While certain platforms will be highlighted
here, this section is by no means an exhaustive
review of all microfluidic CD achievements.

Above, the reader was encouraged to envision
a blood sample preparation system that involves
almost all available preparation steps. Along these
lines, Ko et al from Samsung have developed a
system designed to extract pathogens from µL-
sized samples of whole blood [34]. Using CD fabri-
cation methods from the Madou group as described
above, a system was developed that works as
follows: whole blood is separated via centrifuga-
tion, specific capture of cells/viruses from plasma
using antibody-labeled beads is performed, the
cells/viruses are eluted to perform concentration
and purification, and finally lysis is performed. The
entire platform runs in ∼12mins. This achieve-
ment is an excellent example showing the feasibi-
lity of combining several NA analysis steps onto
one CD platform. As expected, however, the plat-
form is complex, requiring several different compo-
nents and technologies. Ferrowax (a mixture of wax
and magnetic nano-particles) is used as a valve,
which requires placement of the ferrowax inside
the CD during assembly, a laser for heating, and
a moving magnetic platform to actuate the wax
once melted. Cell lysis is performed using the same
laser, minimizing hardware requirements. However,
the system was not able to prepare PCR-ready
materials from whole blood. The authors assume
this is because cell lysis is performed as the last
step, possibly releasing inhibitors. This means yet
another sample-preparation step would be required
in a product-ready NA diagnostics µTAS system.
This again underscores the complexity of sample
preparation and the non-triviality of integrating
sample preparation steps.

The most crucial aspect of sample preparation
is lysis, and Madou et al have developed a stand-
alone microfluidic cell lysis CD that relies on a
bead-beating method powered by magnetic forces
[35]. It utilizes small magnetic disks placed inside
each lysing chamber that oscillate while spinning
by interaction with stationary magnets on a static
CD platform. This oscillation causes shear forces
that result in lysis. Once lysed, solids are removed
by centrifugation, and the supernatant (containing
DNA) is extracted using a unique siphon valve. The
platform is capable of lysing cells with thick walls
and membranes while preserving the extracted
DNA. Moreover, the platform has proven efficient
for viral lysis and sample homogenization as well
[36]. Validation of the CD platform showed that it
can accept a raw sample of up to 60µL and deliver
a clarified sample from both whole E. coli and
yeast cells within ∼5mins. This system requires
a magnetic platform (although stationary), and
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placement of materials inside of the CD during
assembly. It is also worth noting that this CD deliv-
ers only a clarified sample, and does not perform
NA concentration or purification.

A common next step is amplification via PCR.
Madou et al have developed a microfluidic PCR
card system designed for future CD integration
capable of rapid and efficient amplification [37].
Peltier thermoelectric devices were chosen to
perform active heating and cooling of the PCR
cards. Keeping future CD integration in mind,
it was realized that not only will a liquid valve
need to be incorporated, but a vapor valve will be
required during thermocycling as well. Thermocy-
cling causes vapors to accumulate as the liquids
come close to boiling temperature (95◦C). Large
pressures build up as a result causing the samples
to expand, and so the entire chamber needs to be
sealed and isolated to avoid loss of sample. With
Peltier devices already integrated onto the PCR
platform, a novel ice-valve scheme was chosen in
which Peltier devices are used to freeze a small plug
of liquid at each end of the reaction chamber, thus
preventing the movement of both liquid and vapor
during thermocycling.

The PCR platform achieved rapid heating and
cooling ramping speeds of up to 10◦ C/s. Because
the Peltier devices allow active heating and cool-
ing based on polarity of the current used, shorter
thermocycling times were achieved as compared to
standard PCR systems that rely on active heat-
ing but feature passive cooling only. Validation
of the system’s PCR abilities was performed by
amplifying an E. coli gene in a 25µL reaction
volume. A 40-cycle amplification was conducted
using a temperature profile of 7s, 15s, and 15s
(ramping times included) at 95◦C, 60◦C and 72◦C,
respectively. Using gel electrophoresis, the limit of
detection observed was 10 copies for the particular
assay and conditions chosen, but was completed in
less than half the time taken on a standard bench-
top thermocycler. This system provides an elegant
solution to several PCR system problems, namely
thermocycling abilities and valving, but requires a
large amount of power both for thermocycling and
ice-valve actuation. However, all hardware is left
out of the PCR card, making for a good example
of partitioning of functions between the disposable
and the instrument.

The final step in NA analysis is detection. Madou
et al have developed a rapid, flow-through DNA
hybridization disposable designed for detection via
optical DNA microarray [38,39]. The rate-limiting
step when performing analysis with DNA microar-
rays is the time for hybridization to occur, which
can take upwards of 18–24 hours. Enough time
must be given to the DNA of interest to pas-
sively diffuse through the entire solution and be

Figure 6. Sampling of current microfluidic platforms
designed to tackle the steps of nucleic acid diagnostics.

exposed to every capture probe on the surface.
By using thin and narrow microfluidic chambers,
hybridization time can be significantly reduced by
making the diffusion distances much smaller. More-
over, by incorporating active flow, mass-transport
of sample DNA to the capture probes can be
enhanced.

Using microfabrication, a PDMS microfluidic
disposable was developed that provides equivalent
or better performance (viz., signal intensities and
SNR) to standard array kits, and with a process-
ing time of only 15 mins. Glass slides were spot-
ted with capture probes, and the PDMS part with
embedded fluidics passively adhered to the slides,
which were then mounted in a centrifugal holder.
Serial capillary valves were used to sequentially
release the sample (fluorescently-labeled), a wash
solution, and then a rinse solution based on increas-
ing spin speeds. The slides were then spun dry,
the PDMS removed, and the fluorescence scanned
using a standard glass-slide scanner.

The system was able to detect the differences
between several bacteria of interest, and the speci-
ficity was high. Moreover, the signal intensities
were high, verifying that efficient hybridization did
occur due to the gains in mass transport from the
rapid, microfluidic flow-through system.

The microfluidic systems described here can
be seen in figure 6, showing each platform and the
steps it accomplishes. As should be apparent to the
reader, robustly integrating those platforms listed
into a single µTAS for POC NA diagnostics is no
small task. Many hurdles have yet to be overcome,
including those inherent to centrifugal platforms.

3.4 CD challenges

While the CD indeed provides elegant pumping
and valving options, the method is not without
limitations. It is worth noting that few of the
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CD valving schemes presented above act as vapor
valves – they perform liquid valving only. Thus,
liquid reagents could not be stored for long periods
of time as evaporation and cross-chamber contami-
nation could occur. In addition, high-temperature
heating steps (e.g., PCR) would cause the sample
to escape and evaporate. This would result in a
failed step as well as possible channel clogging
once vapors condense downstream. Such conditions
require a valve that not only holds back liquids but
prevents the movement of vapors as well, similar to
the ferrowax valve as shown in the Samsung work,
referenced above.

Pumping on the CD still requires energy
to create the centrifugal forces. Other pump-
ing methods, such as manually-driven pumps or
lateral-flow, do not require onboard power sources.
Perhaps the largest obstacle of centrifugal pumping
is that it is unidirectional – fluids flow only from the
center of the CD radially outward. In addition, the
surface energy of the fluids being pumped greatly
affects fluidic behavior, especially when implement-
ing capillary valves. Thus, it becomes essential that
a CD be designed and tested from the outset using
the same biological fluids and samples that will
ultimately be used in the final disposable. As men-
tioned above, the test fluids used must represent
both the average and extreme cases of relevant
fluidic properties.

The problems discussed so far are limited to
CD platforms in particular, but there are many
broader issues that will affect any microfluidic
device designed for NA diagnostics. With an in-
depth understanding of some of the biological and
microfluidic issues facing µTAS systems for NA
diagnostics today, the reader can now better appre-
ciate a discussion of these broader problems that
will follow below.

4. A vision for tomorrow

The ideal POC NA diagnostics disposable of
tomorrow must be as simple to manufacture and
to use as handheld glucometers are today. POC
glucometers can be used with little or no train-
ing, cost less than $100 US to manufacture, work
with small, standard batteries, and use disposables
that cost mere cents to manufacture. An equiva-
lent system for NA testing does not exist today
because the methods used are far more complex
than those needed for detection and quantification
of glucose molecules. It is worth briefly contrasting
the two platforms to gain an appreciation for the
challenges that lie ahead.

One of the biggest differences between glucose
sensing and NA detection is that glucose is present
in much higher concentrations (on the order of

mM) as compared to NA. In addition, glucose
is freely present in the blood – it is not bound
up inside cells or viruses. This greatly simplifies
sample preparation, as no lysis is required. In fact,
no sample preparation steps at all are required
when using a glucometer. Finally, the sole detec-
tion of NA molecules is insufficient to give an infor-
mative answer. A POC NA system cannot simply
detect the presence of NA – it must detect a spe-
cific sequence of NA.

For all these reasons, NA assays are much more
complex, requiring procedures such as lysis, purifi-
cation and concentration, amplification, labeling,
and specific sequence detection. Naturally, it is
the well-established yet complex procedures carried
out in benchtop equipment that have first been
adapted into POC systems. This has led to
complex, high cost systems that are a far cry from
a simpler glucometer. To be successful, the POC
NA system of tomorrow will have to be redesigned
from the start as a simple, integrated instrument
with a disposable cartridge, capable of low cost,
low complexity, and low power operation. More-
over, the system must be ‘field-deployable.’ This
means it must function in harsh conditions and
under extreme temperatures outside of a clean,
controlled laboratory setting. To achieve this, com-
pletely new strategies in terms of design, manufac-
turing, reagent storage, and power use will have to
be established and developed in light of biological
needs and constraints. Engineers and biologists
will need to work together at each step to tackle
each problem. No longer can obstacles be labeled
as either the engineers’ problem or the biologists’
problem.

4.1 Design and manufacturability

While futuristic designs are often portrayed as
complex, the successful products we know today
are usually designed to be as simple as possible.
This same strategy is needed for NA diagnostics.
The system must be simplified as much as possi-
ble, on both the biological and microfluidic fronts,
to reduce cost and increase robustness. In addition,
the disposable must be able to make the transi-
tion from lab prototype to mass-manufactured part
while remaining low-cost.

Complex biological assays can be very sensi-
tive to changes in the environment in which they
are run. Assays often show different results when
performed by equally skilled scientists using the
same equipment and lab space. The biological
steps required for the µTAS system of the future
will need to be re-designed to be robust, simple,
and far less sensitive to environmental changes.
For example, current amplification assays such as
PCR usually require very clean, pure DNA samples
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for successful amplification with an optimal low
LOD. It is unrealistic to expect a µTAS system
to deliver a perfectly pure sample to downstream
steps, such as amplification and detection, with
every use. Moreover, the purity of the sample
delivered to these steps will likely vary, depend-
ing in part on initial sample characteristics. Thus,
steps downstream of sample preparation must be
designed to be robust, even in non-pure, ‘dirty’
solutions.

Optimized biological approaches can also help
to reduce the required sample size. For conditions
such as sepsis, the microbial load can be very low,
requiring a large volume for detection, as discussed
above. However, this is only true if the presence
of the pathogen NA is directly detected. Alter-
natively, techniques could be used that focus on
the host’s response to the pathogen, which would
utilize detectable analytes that occur in much
higher concentrations. An assay such as this would
require much less sample volume and likely avoid
an amplification step.

To minimize both the biological and micro-
fluidic complexity, as many steps as possible should
be combined. For example, performing lysis in
the presence of beads functionalized with robust
capture probes could combine lysis and concen-
tration/purification steps. Real-time PCR is an
excellent example where two steps, amplification
and detection, have been elegantly combined into
one. Perhaps NA amplification could be run in
the presence of capture beads, again eliminating
the need for a separate, dedicated microfluidic
chamber for amplification. Tradeoffs and compro-
mises between the assay and the microfluidics must
be made.

The microfluidics of the disposable itself must
also remain simple. To that end, the total number
of chambers, channels, and valves required must
be minimized. It will likely be valves and volume-
dependent fluidic functions that cause the dispos-
able to fail. If their number can be minimized and
the parts made more robust, the disposable will
have a much higher chance for success. There are
a variety of valve technologies available, and if a
single method of valving that can accomplish both
vapor and liquid valving can be utilized, this will
further reduce complexity.

Another large source of complexity comes
from the need to place materials inside the
microfluidic disposable for added functionality.
Examples of this from the preceding descriptions
include magnets, glass beads, filters, and other
parts. These numbers should again be minimized,
although their complete elimination will likely not
be feasible, as they are a convenient way of adding
functionality.

In order to make the POC disposable econo-
mically feasible, it will have to be mass-manu-
facturable. PDMS has become a well-established
material for fabricating microfluidic devices in the
laboratory. However, the material has severe limi-
tations for the applications discussed here, namely
small molecule absorption and permeability to
water vapor, preventing it from being used for
longer-term applications outside of the research
laboratory (e.g., shelf-life for a commercial product
must be more than 6 months) [40]. Moreover, under
applied pressure, PDMS parts can change size,
which can be detrimental to many applications.
It must also be stated that the truly microscale
features as enabled by soft-lithography will likely
not be required. As has been discussed exten-
sively, the volumes that the future µTAS platform
handles range from µLs to mLs. This translates to
fluidic conduit sizes on the order of 100 s of µm
to mms. Micro and nanoscale features designed to
handle nanoliter volumes and smaller will likely
not be necessary. Thus, the authors believe that
soft-lithography PDMS and silicon-based MEMS
microfabrication techniques are not viable manu-
facturing candidates for this application.

Today, there are few manufacturing techniques
as economically viable as injection molding of
plastics. The authors believe this manufactur-
ing technology of today will be the one used to
make the µTAS disposables of tomorrow. How-
ever, some unique challenges are newly introduced,
as the disposable must contain macro and micro-
scale features on the same plastic part. The injec-
tion molding methods used must exhibit a large
dynamic range of manufacturable sizes in order to
deal with the widely varying dimensions and scales.
Towards reduction in complexity, the device should
also be made out of as few different materials as
possible. Ideally it should be a monolithic structure
made of 1 material only. The device more realisti-
cally will be made of at least 2–3 parts, and some
parts may require bonding via thermal, chemical,
or ultrasonic means.

Bonding of different parts is an incredibly impor-
tant yet seemingly simple manufacturing step.
The injection-molded microfluidic disposables will
likely have initially exposed channels open for
insertion of materials and reagents. Then, a fea-
tureless cover layer of plastic will be applied to
close and seal the disposable. At this point the dis-
posable will have sensitive components onboard,
such as reagents, reviewed in detail next, and
perhaps surface treatments. The bonding process
used must not be too disruptive to the dispos-
able. If chemical bonding is used, residues cannot
be left behind that may interfere with analysis.
If thermal bonding is used, the temperature may
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not exceed ∼100◦C, as this will likely inactivate
any enzymes and other reagents onboard. Finally,
the bonding method must also not disrupt or
distort any of the microfluidic channels. Small
imperfections, such as gaps or overhangs, can
cause catastrophic failure in a microfluidic device,
especially if the material is hydrophilic, such as
after oxygen-plasma treatment.

4.2 Liquid storage and lyophilization

While the manufacturing process should be kept
as simple as possible, the one perhaps unavoidable
complication is the introduction of reagents into
the disposable for storage. A collection of different
reagents such as NA probes, reaction buffers/salts,
enzymes/polymerases, lysis salts, etc. will likely be
required for the µTAS disposable to function as
a standalone-alone unit. It would greatly increase
the complexity of use to have the user manually
load all of these reagents before use, and so most
if not all of these reagents must be stored on the
disposable itself.

The µTAS disposable will be mass-produced,
shipped to a location, and then stored until use.
The disposable must have a shelf life of at least
6–12 months, and this means that the reagents
required need to be preserved on the device for
that same period of time. In addition, the preserved
reagents must be able to withstand a range of tem-
peratures that occur during shipping and storage.
A common and well-accepted method of reagent
storage is lyophilization (i.e., freeze-drying), in
which reagents are formed into powders that then
reconstitute when they come into contact with
liquids.

A drawback of lyophilization is that liquid is
required for re-constitution and that reconstitution
in a confined space does take time. However, it will
be essential that the disposable contain its own
liquid reagents, as most of the assay steps required
occur in aqueous form. Relying on the introduc-
tion of water from the user introduces a huge
source of variability, as the introduction of water
from unclean, contaminated sources could cause
assay failure. In addition, assays are often sensitive
to concentrations of reagents. While assay robust-
ness will be an important contributor to success,
the volume of liquids used will need to be well
controlled by storing defined volumes inside the
disposable.

Liquids can be stored long-term in glass
ampoules or in plastic or metal pouches. These
pouches can be pierced or broken open by physi-
cal pressure from the user or a mechanical actu-
ator as part of the instrumentation. Packets or
pods of liquid can be manufactured independent of

the disposable, and placed inside during disposable
fabrication.

4.3 Environmental and power requirements

In order to meet operational requirements out-
side of the laboratory, the instrument must be low
power and relatively unaffected by environmental
conditions such as heat, humidity, and dirt.

Currently, NA amplification methods such as
PCR are the most power demanding and lengthy
processing steps. For example, the microfluidic
PCR card developed by the Madou group uses
over 150 Watt-hours of energy to power the Peltier
thermocyclers and ice-valves during a standard
PCR run. So, the authors believe there needs to
be a movement away from PCR towards robust,
low-temp, isothermal amplification schemes. This
will greatly reduce the power requirements of the
platform. Moreover, the authors believe that a
more robust amplification method needs to be
developed that does not amplify the NA directly,
but rather another ‘reporter’ molecule. This new
method would likely still rely on hybridization
and/or polymerase extension events for initia-
tion, but the result would be amplification of a
reporter much easier to detect, without the need for
power.

Moreover, some isothermal amplification meth-
ods can take less time than PCR. Time and power
trade-offs must be thoroughly examined to mini-
mize power requirements. In addition, different
heating methods must be examined. While thermo-
electric heating can provide precise control and
rapid temperature changes, it requires intimate
contact with the disposable and large amounts of
power. Infrared heating is an excellent alternative
that can provide good precision without requiring
contact. Chemical heating by use of exothermic
reactions requires no power, but can be difficult to
control.

Thermal management of the disposable must
also be considered. Just as the temperature of a
computer processor must be controlled within a
working range, the chamber holding the disposable
will have to be heated and/or cooled to remain
reliable. NA assay steps, such as hybridization,
can rely on specificity by being at a constant,
usually slightly elevated temperature (e.g., 37◦C).
The hardware inside the platform, for example cir-
cuitry, light sources, and detectors, will also require
the temperature to remain within a working range.
This will clearly require large amounts of power, as
a platform functioning in the tropics where tem-
peratures can reach 44◦C or higher must be cooled,
and a platform in cool environments will need to be
heated. These thermal management requirements
will exist on top of the requirements for specific
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Figure 7. Artist’s rendition of a CD system for NA diag-
nostics, showing a center-hub for large-volume sample prepa-
ration and optical detection via microarray [41].

heating and cooling steps for the assays, further
adding to the complexity of the system.

The platform must also be impermeable to
environmental factors such as dirt and humid-
ity. Dirt and humidity, along with temperature,
are common factors that rarely have to be dealt
with in a laboratory setting. However, they can
greatly affect performance of, say, amplification
enzymes or specificity of DNA capture probes.
Ignoring these real-world factors will lead to a
system limited to use only inside well-controlled
laboratories, and prevent the system from reaching
those who need it most.

Finally, the disposable must be environmentally
friendly to use and discard. In the case of infec-
tious diseases, the samples will contaminate the
entire disposable, making it a biohazard. Steps
must be taken to ensure that, in the case of
improper disposal, risk of infections from used
disposables remain minimal. This will become
extremely important following success of a system,
as its use will become widespread and waste will
become a dangerous problem.

4.4 CD of the future

With a firm understanding of the many hurdles
that must be overcome to develop a truly inte-
grated µTAS system for POC NA diagnostics, the
reader can fully appreciate the authors’ vision for
the future. With the many advantages that cen-
trifugal platforms hold over standard microfluidic
devices, the disposable of the future will be CD-
based (figure 7). It will be disposable, and have all
reagents (lyophilized and liquid) stored on the CD.
The CD itself will be stored in a vacuum-sealed
pouch impermeable to outside conditions, but will
not require refrigeration for storage. The CD plat-
form will be a larger-sized handheld instrument,

similar in scale to a portable radio, and will be
able to process 3 patients per CD at minimum. The
instrument will contain a single, small battery used
to retain internal settings (such as calibration),
but will derive its main power from 1 of 3 attach-
able options: hand-crank generator, rechargeable
battery or fuel cell, or power cord. The CD plat-
form itself will also include a handheld wireless
device that stores all results and information.
When a connection is available, wired or wireless,
the device will upload results to a server. This will
allow for an organized database of information to
track the spread of diseases and possible deadly
outbreaks.

The CD itself will be injection molded out of
a single type of plastic – polycarbonate. It will
consist of 3 different plastic pieces: a monolithic
CD containing fluidics for amplification and detec-
tion as the middle layer, a solid, featureless bottom
disc, and one of many various sample prepara-
tion hubs placed on top. As has been emphasized,
the largest source of variability in NA diagno-
stic processing will come from the type of sample
being processed. Thus, the authors believe it will
be essential to have different sample preparation
modules for different samples. Modular sample
preparation hubs will be designed for different
sample types: blood samples will require hubs
capable of processing larger volumes, while res-
piratory samples will require smaller hubs. These
various sample preparation hubs can be snapped
into the standard CD bases designed for ampli-
fication and detection; this may be done during
manufacturing, but to retain optimal flexibility and
modularity, the end user may select the appropri-
ate sample preparation hub.

The majority of reagents will be lyophilized and
placed inside the CD during manufacturing. The
remaining reagents will be in liquid form and stored
in metalized pouches that will be placed inside the
sample prep hubs during manufacturing. The CD
will include beads for lysis and solid-phase con-
centration/purification. The CD will utilize DNA
microarrays for detection, and so capture probes
will be spotted onto the CD during manufactur-
ing as well. Finally, the bottom disc of the CD will
be thermally bonded to the top disc, ensuring no
disruption of the components inside the CD occurs
due to extreme bonding temperatures.

The system prepares samples using a combina-
tion of chemical lysis, and light low-power mechani-
cal agitation. Concentration and purification steps
are performed using solid-phase extraction, but
this step is combined with lysis to reduce
complexity. The system performs amplification
using a low-temperature, isothermal, nucleic acid
amplification method. Heating on the platform,
for steps including isothermal amplification and
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hybridization, is performed using a small infrared
lamp in combination with exothermic chemical
heating. A field-deployable µTAS system for NA
detection will likely not scan for only a few
analytes, but rather a large panel of analytes.
Thus, detection will be performed with standard,
fluorescent DNA microarrays using low-power,
inexpensive optical hardware (i.e., LED or laser-
diode light sources and photodiode detectors).

Operation of the CD platform is as follows,
using respiratory samples as an example: (1) user
snaps in a fresh battery to the bottom of the plat-
form, selects an appropriate sample preparation
hub for respiratory samples and then attaches it to
the standard amplification & detection CD base,
(2) respiratory sample for each of the 3 patients is
added to the hub, and the hub is closed, (3) user
manually pushes 3 buttons on the sample prep
hub that pierce the internal metal pouches, thus
releasing the stored liquid reagents, (4) the CD is
loaded into the platform, the appropriate program
is verified from the interface screen, and the test
is started. The user can then focus on other tasks,
such as more sample collection, as the test runs.
During this time, the sample is lysed, clarified and
purified, and sent to the amplification chamber;
these steps take 5–10 mins and a relatively small
amount of power. Amplification takes 30–35 mins,
still the largest user of power, and the sample is
then flowed across the microarray, taking an addi-
tional 10 mins. Finally, the detection optics scan
the array and upload the image to the diagnosis
software, where the result is output to the screen
in an easy-to-interpret, digital diagnosis (infected
or not) for each of the analytes. The CD is then
ejected from the platform and discarded by the
user. The CD exits the platform with all ports and
openings permanently sealed, making the chances
of contamination and infection very low for those
who later come across the used disposable. The
entire analysis takes less than an hour and is easy
to use.

This is a close approximation of how the µTAS
system for NA diagnostics of the future will
operate. It is still somewhat complex, and the CD
instrument itself will not be as low-cost as desired.
However, much effort has been put into simpli-
fying and combining steps as well as minimizing
power requirements. There is still clearly room for
improvement, but importantly, the user experience
is easy and streamlined, the results robust and reli-
able, and the CD disposable parts inexpensive.

5. Conclusions and perspectives

There are many obstacles in the development of a
successful µTAS system for POC NA diagnostics.

As the authors have stressed, many of these
barriers to commercialization can be overcome.
First, closer attention must be paid to the charac-
teristics of the sample being processed, a subject
often overlooked. Variations in surface tension, vis-
cosity, and homogeneity of the sample can have
drastic effects on both microfluidic and biologi-
cal parameters. As discussed, biological samples
from ill patients can exhibit extreme variations of
these characteristics, further adding to the chal-
lenge. Sample volume must also be carefully con-
sidered. Enough sample must be collected to have
a statistically relevant number of analyte molecules
for downstream steps, such as amplification and
detection. This often means the microfluidic dis-
posable must be able to handle quite larger sample
volumes, on the order of several mLs. Moreover,
the downstream steps must be designed with all of
the sample characteristics in mind. There is little
point in developing amplification steps that require
a minimal analyte concentration of 10−12 M when
the starting concentration of analyte in the sample
is only 10−18 M.

A second need to overcoming commercializa-
tion barriers is clarification of differing jargon
between biological and engineering disciplines. To
this point, the authors have attempted to provide a
clear view on some important issues and confusions
that affect both disciplines. When characterizing,
for example, NA amplification reactions, engineers
rarely have an interest in knowing only how many
initial analyte DNA molecules are present in a reac-
tion tube. It is essential to also describe the volume
conditions, so that the starting concentration can
be known. Similarly, biologists have little interest
in knowing that a thermocycling system can heat
and cool at record speeds. It is more important to
know the quality of the PCR reaction that results
when using this system – what is the lower LOD,
and how reproducible is it?

Thirdly, the entire system must be designed to
be simple, with as few different materials, different
technologies, and number of parts as possible.
The disposable must be kept extremely inexpen-
sive, and the instrument must be able to handle
all conditions, in and outside of the laboratory.
Thermal and power management will be a key com-
ponent of this, and environmental impact of the
system must also be considered.

A fourth factor to engender faster commerciali-
zation is to prototype disposables using technolo-
gies that have a realistic chance of being transferred
and scaled-up to mass manufacturing. This is the
only way to make the microfluidic disposables
economically viable and the entire system suc-
cessful. A movement away from standard silicon
micromachining and away from soft-lithography
PDMS devices is essential. Disposables must be
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prototyped with technologies and methods that
are easily transferred to a plastic injection-molding
method. For the applications presented, a system
that works perfectly but costs $100 US per test will
be a non-starter. The system must perform tests
for less than ∼$20 US per test.

There are many microfluidic technologies avail-
able as candidates for creating a successful NA
diagnostic disposable. Centrifugal platforms in
particular hold some unique advantages, includ-
ing low-power pumping, robust valving schemes,
and ease of parallel processing. Several commer-
cialization barriers have already been overcome in
the development of systems for microfluidic NA
diagnostics using CD platforms. Using any type
of new microfluidic platform, one needs to design
from the ground up, with an open mind of how to
develop diagnostics outside of the norm (and out-
side of the lab). Only with a vision of the entire
problem can a successful disposable and instrument
be made. Not all problems can be solved simultane-
ously, and indeed the problems must be prioritized
and tackled one at a time. However, having a holis-
tic knowledge of future problems to come can help
steer decision making early on, thus avoiding major
pitfalls.

Engineers and biologists will need to work closely
together, and when µTAS systems do become suc-
cessful, it will be because the two disciplines have
learned to work as integrated teams. Once avail-
able, these systems will help many people across
the world while simultaneously being a huge tech-
nological and scientific achievement.
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