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Abstract

Rapid, accurate diagnosis of community-acquired pneumonia (CAP) due to Mycoplasma pneumoniae is compromised by low sensitivity
of culture and serology. Polymerase chain reaction (PCR) has emerged as a sensitive method to detect M. pneumoniae DNA in clinical
specimens. However, conventional real-time PCR is not cost-effective for routine or outpatient implementation. Here, we evaluate a novel
microfluidic real-time PCR platform (Advanced Liquid Logic, Research Triangle Park, NC) that is rapid, portable, and fully automated. We
enrolled patients with CAP and extracted DNA from nasopharyngeal wash (NPW) specimens using a biotinylated capture probe and
streptavidin-coupled magnetic beads. Each extract was tested for M. pneumoniae-specific DNA by real-time PCR on both conventional and
microfluidic platforms using Taqman probe and primers. Three of 59 (5.0%) NPWs were positive, and agreement between the methods was
98%. The microfluidic platform was equally sensitive but 3 times faster and offers an inexpensive and convenient diagnostic test for
microbial DNA.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Despite numerous medical advances over the last several
decades, pneumonia remains a leading, global cause of
illness and mortality, and the majority of cases are
community-acquired pneumonia (CAP) (Mandell et al.,
2007; Venditti et al., 2009). CAP is difficult to diagnose
because the clinical presentation and radiographic results are

not distinctive or consistent (Fee andWeber, 2007; Hagaman
et al., 2009; Lieberman et al., 2003; Plouffe and Martin,
2008). The progression, duration, and degree of severity vary
depending upon the etiology, as well as the underlying age,
health, and immunity of the patient (Jokinen et al., 2001;
Luna et al., 2000; Mandell et al., 2007; Waites et al., 2005).

Mycoplasma pneumoniae causes up to a third of all cases
of CAP and is particularly challenging to diagnose (Huang et
al., 2006; Kashyap et al., 2008; Korppi et al., 2004; Kung
and Wang, 2007; Luna et al., 2000; Ngeow et al., 2005;
Reechaipichitkul et al., 2005; Thurman et al., 2009; Tsolia
et al., 2004). Patients with mycoplasmal infections often lack

Available online at www.sciencedirect.com

Diagnostic Microbiology and Infectious Disease 67 (2010) 22–29
www.elsevier.com/locate/diagmicrobio

⁎ Corresponding author. Tel.: +1-919-684-5792; fax: +1-919-684-
2790.

E-mail address: tom.mitchell@duke.edu (T.G. Mitchell).

0732-8893/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.diagmicrobio.2009.12.020



Author's personal copy

the “classic” CAP-associated symptoms, which are charac-
terized by acute, rapidly progressive lower respiratory
infection with fever and purulent sputum. In contrast,
mycoplasmal CAP usually has an insidious onset followed
by several days or weeks of slowly worsening dry cough,
fever, and malaise (Herold and Sailer, 2004; Luna et al.,
2000; Plouffe, 2000). A radiographic diagnosis is challeng-
ing because most patients with mycoplasmal CAP rarely
develop a focal pneumonia as seen with most other
etiologies. Because a single gold standard for the diagnosis
of mycoplasmal CAP is lacking, the usual approaches are a
combination of culture, serology, and polymerase chain
reaction (PCR).

There are limitations to the diagnosis of mycoplasmal
CAP by culture and serology. Successful culture of M.
pneumoniae requires experienced technologists, specialized
media, and prolonged incubation periods. Under optimal
conditions, the sensitivity of recovery of M. pneumoniae by
culture can vary from b30% to 60% (Ieven and Goossens,
1997; Kenny et al., 1990; Morozumi et al., 2006; Ozaki
et al., 2007; Waris et al., 1998). Serology is a more reliable
diagnostic tool, but because tests for anti-M. pneumoniae
antibodies are usually outsourced to immunology laborato-
ries, the results may pend for several weeks. In addition, it is
often necessary to measure IgG, IgM, and IgA titers and to
compare acute and convalescent specimens to confirm or
exclude the diagnosis. Specific IgA titers are the most
helpful; but depending upon the serologic reagents and
methods, there is considerable variability in the reported
specificity and sensitivity (Beersma et al., 2005; Daxboeck
et al., 2003; Liu et al., 2008; Templeton et al., 2003;
Thurman et al., 2009; Watkins-Riedel et al., 2001). Because
a small percentage of healthy individuals benignly harborM.
pneumoniae in their respiratory tracts and/or have residual
anti-M. pneumoniae IgG serum antibodies because of prior
exposure or illness, serologic tests and cultures may yield
false-positive results. A major disadvantage to the lack of
specific clinical criteria and a timely reliable diagnostic test
for mycoplasmal CAP is the frequent and unnecessary
administration of empiric broad-spectrum antibiotics.

In recent years, PCR-based methods have offered the best
potential for a specific, sensitive, and rapid diagnosis of CAP
caused by M. pneumoniae as well as other agents. Several
studies have evaluated methods for detection of M.
pneumoniae DNA or RNA in respiratory specimens using
various primers, regular or real-time thermocyclers, and
different formats, such as nested, multiplex, and hybridiza-
tion methods (Daxboeck et al., 2003; Dumke et al., 2007;
Dumke and Jacobs, 2009; Gullsby et al., 2008; Kashyap
et al., 2008; Khanna et al., 2005; Kumar et al., 2008; Liu et al.,
2007; Loens et al., 2003; Martínez et al., 2008; Ursi et al.,
2003; Waites et al., 2005; Winchell et al., 2008). These and
other reports convincingly demonstrate that PCR-based
strategies are comparable or superior to culture and serology
in specificity, sensitivity, and predictive value. However,
current PCR-based methods have not become routine

diagnostic procedures because they suffer from multiple
drawbacks, including high reagent costs, labor intensity, and
inconvenience for rapid, convenient point-of-care testing.

This report introduces the initial version of a unique real-
time PCR platform with potential to eliminate all of these
disadvantages. Advanced Liquid Logic (Research Triangle
Park, NC) (http://www.liquid-logic.com/) has developed an
innovative real-time PCR lab-on-a-chip technology to detect
microbial DNA in clinical specimens. The technology uses
electrical fields to rapidly and precisely manipulate discrete
nanoliter-sized droplets within an oil-filled chamber without
the use of any pumps, valves, or fixed channels. Each droplet
manipulation is directly controlled within a software
program enabling complex, multistep protocols to be
implemented and easily reconfigured without requiring
modifications to the chip design.

Many other chip-based PCR technologies have been
developed (Auroux et al., 2004; Chen et al., 2007; Sista
et al., 2008; Zhang et al., 2006). They typically perform
liquid movement either electrokinetically or with pneumatic
pressure, and most of them utilize continuous streams of
liquid. The Advanced Liquid Logic technology is based
upon electrowetting, in which an electric field applied at the
interface of a liquid and a hydrophobic insulator can
effectively modulate the surface tension of that interface
(Pollack et al., 2000, 2002). The microfluidics technology
uses discrete unit-sized droplets that are individually
positioned and manipulated by using an array of electrodes
formed on a printed circuit board (PCB) substrate. The
droplets are sandwiched between the PCB and a transparent
glass cover plate with the surrounding space filled with an oil
to prevent evaporation of the droplets. By applying different
voltages to adjacent electrodes, a local and controllable
surface energy gradient is generated, allowing droplets to be
rapidly and programmatically transported along any path of
contiguous electrodes.

This technique of droplet manipulation can be extended to
other operations including merging, splitting, mixing, and
dispensing of microdroplets simply by applying different
patterns of voltage activation. Large numbers of droplets can
be simultaneously and independently manipulated allowing
complex protocols to be flexibly implemented directly
through software control, a concept sometimes referred to
as “digital microfluidics” (Fair, 2007).

For on-chip real-time PCR, target DNA is loaded in
chip well, nanodroplets are formed and mixed with PCR
primers and reagents, and with each cycle, the droplet is
moved from one on-chip heating sector to another (Hua
et al., 2010; Sista et al., 2008). As depicted in Fig. 1, the
current prototype (86 × 86 mm) employs loops to circulate
droplets through the thermal zones and can accommodate
4 simultaneous real-time PCRs. For detection of the
amplicon, a miniature light-emitting diode (LED)-photo-
diode fluorimeter measures fluorescence at the end of each
extension cycle. The chips are intended for single use and
are operated using a shoebox-sized instrument attached to
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a personal computer. In addition, the microfluidic real-
time PCR platform has a user-friendly, fully automated
interface and readout. Performing PCR on microfluidic
chips offers obvious advantages. Multiple assays can be
run in parallel on a self-contained, disposable chip that is
protected from cross-contamination. The small droplet size
permits the analyses of patient specimens that are too
small for conventional real-time PCR, minimizes reagent
costs, and accelerates the cycle times because of the small
thermal mass.

The goal of this investigation was to evaluate this novel
real-time platform. We optimized a real-time PCR protocol
for the detection of M. pneumoniae DNA using a
conventional real-time PCR thermocycler by developing
methods of DNA extraction, recovery, amplification, and
detection that would be compatible with the microfluidics
instrument. We then used simulated and actual respiratory
specimens to compare PCR on the microfluidic platform
with a conventional real-time thermocycler.

2. Materials and methods

2.1. M. pneumoniae

For positive controls, standard curves and testing methods
of DNA extraction, and PCR, we used a reference strain of
M. pneumoniae (ATCC 15531), maintained by serial
subculture in SP4 broth. To prepare stock cultures for
PCRs, we pooled parallel broth cultures, enumerated the
resulting bacterial concentration by viable plate counts on
SP4 agar, adjusted the concentration to 2 × 105 CFU/mL in
saline, and stored aliquots at −80 °C.

2.2. Healthy and simulated human nasopharyngeal
wash specimens

To test for nonspecific amplification, we collected
nasopharyngeal washes (NPWs) from healthy human
volunteers by using a sterile syringe to spray at least

2-mL sterile saline (0.9% NaCl) into 1 nostril and ask the
subject to expel the saline into a sterile tube. All control
NPW specimens were stored at 4 °C for future tests,
whereas clinical NPW specimens were stored at −80 °C.
Simulated NPW specimens were prepared by seeding
sterile saline with dilutions of the stock culture of M.
pneumoniae to create 10-fold concentrations of CFU/mL.
We also seeded M. pneumoniae into NPWs from healthy
volunteers to determine whether any components in normal
NPW fluid inhibited the PCR detection of target DNA
using our protocols.

2.3. Clinical specimens

Beginning in March 2006, we enrolled patients who
presented at the Duke University Hospital Emergency
Department (Durham, NC) with symptoms and signs of
CAP (institutional review board protocol 8368). Inclusion
criteria were clinical diagnosis of pneumonia and fever (oral
temperature, N101.5 °F), cough, leukocytosis (white blood
cell count, ≥12,000/mm3), compatible chest X-ray, or
physical examination suggestive of pneumonia. Patients
were consented for enrollment, which included medical
history and, in some cases, pulmonary radiography. As
described above, NPW and blood were collected from each
patient at the time of consent. All patients were seen in
follow-up 4 weeks later for physical examination and the
collection of convalescent respiratory and blood specimens.
In this investigation, we evaluated the initial, acute NPW
specimens on the first 59 patients for M. pneumoniae DNA.

2.4. Optimization of conventional real-time PCR

Using standardized cultures and purified DNA of M.
pneumoniae, we conducted extensive preliminary experi-
ments on the conventional real-time PCR thermocycler
(Applied Biosystems, Foster City, CA) to determine the
optimal protocol. i) Comparisons of filtration (Qiagen
[Valencia, CA] QIAmp DNA blood mini kit) versus
magnetic bead-based DNA extraction methods revealed

Fig. 1. Microfluidic PCR setup. Left: The self-contained instrument including power supply, control electronics, fluorimeter module, heaters, and cartridge deck,
which is shown with the cartridge loaded (arrow). Center: Photograph of assembled microfluidic cartridge comprising an 86 × 86-mm PCB chip, polymer spacer/
gasket, and glass top plate with drilled holes. Right: Schematic of PCR chip showing electrode positions relative to heaters, magnets, and detectors.
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that the commercial filtration and centrifugation technique
consistently provided higher yields of DNA (data not
shown). However, extraction with magnetic beads was
faster, did not require a microcentrifuge, and was more
amenable to direct loading onto the microfluidic chips. In
addition, the beads offer the potential for future develop-
ment of on-chip sample processing of DNA. As a capture
probe, we designed the oligonucleotide given below. ii) We
tested several M. pneumoniae-specific primer pairs that
amplified sequences of the single copy P1 adhesin gene
(Kong et al., 2000) and the multicopy genes, MP5 (Bernet
et al., 1989), repMP1 (Dumke et al., 2007), and Mp181
(Winchell et al., 2008). The Mp181 primers amplify
specific sequences of the mycoplasmal community-ac-
quired respiratory distress syndrome toxin gene sequences,
which proved to be the most sensitive and generated an
optimal 73-bp amplicon (data not shown). A thorough
search of GenBank sequences found no variation among
strains at the location of either the capture probe or the
PCR probe and primers.

2.5. Extraction of DNA from simulated and actual
NPW specimens

As noted above, exhaustive optimization studies were
used to develop protocols for the concentration of target
DNA in simulated or actual NPW specimens, as well as the
design of our probes and primers and streptavidin-coated
magnetic bead extraction method. These reagents and
conditions were compatible with both conventional and
microfluidic real-time PCR platforms.

DNA extraction was carried out as follows: 200 μL of
each real or simulated NPW specimen was treated directly
with 20-μL proteinase K (Qiagen) and 200-μL AL buffer
(Qiagen). These specimens were vortexed for 5 s, briefly
minifuged to clear caps, and incubated at 56 °C for 15 min.
Then, 4.5-μL oligonucleotide capture probe (5′-biotin-
AGAGTGGATCTTCTGACACTTCCGGGTCTAAC-3′,
Sigma-Aldrich, St. Louis, MO) was added to each specimen,
and the mixture was vortexed for 5 s, briefly minifuged, and
incubated at 95 °C for 15 min and 56 °C for 20 min to
denature the target DNA and allow the probe to hybridize.
We then added 5.0-μL prewashed m-270 Streptavidin
Dynabeads (Invitrogen, Carlsbad, CA). Tubes were incu-
bated at room temperature for 30 min, during which time
they were mixed by inversion 5 times every 5 min. The
specimens were then minifuged for 5 s and placed on the
magnetized rack for 10 min, after which the liquid was
withdrawn from each specimen, leaving the beads with
attached target DNA. Each specimen was then treated with
200-μL Tris(hydroxymethyl) aminomethane ethylenediami-
netetraacetic acid (TE) buffer, gently mixed, and returned to
the magnetized rack for 2 min. The beads were washed once
more and gently resuspended in 10-μL TE buffer with
50 mmol/L NaCl and 0.075% (w/v) Tween 20. Magnetic
beads with attached DNA either were used immediately or

stored at −80 °C. Preliminary experiments confirmed that
DNA was not degraded by storage. For real-time PCR
testing, each 10-μL bead DNA preparation was split: 6 μL
were used for conventional real-time PCR and 4 μL for the
microfluidic platform.

2.6. Conventional real-time PCR

Each real-time PCR assay plate included a positive
control of simulated NPW containing M. pneumoniae at
104 CFU/mL and 2 nontemplate controls (NTCs). One NTC
consisted of sterile saline that had been concurrently
subjected to the extraction protocol, and a second NTC
consisted of PCR-grade water used in place of extracted
specimen template. All controls and simulated or real NPW
specimens were processed in parallel from DNA extraction
to assay, and all were assayed in triplicate.

The Mp181 primer sequences were as follows (Winchell et
al., 2008):Mp181-F 5′-TTTGGTAGCTGGTTACGGGAAT-
3′; Mp181-R 5′-GGTCGGCACGAATTTCATATAAG-3′;
Mp181 (FAM)-TGTACCAGAGCACCCCAGAAGGGCT-
(BHQ). Each PCR well had a final volume of 20 μL and
contained 250 nmol/L of each primer, 10-μL Taqman Fast
Universal Real-Time Master Mix, 0.58-U uracil-DNA glyco-
sylase (Applied Biosystems), and 2.0-μL bead DNA extract.
The master mix included uracil DNA glycosylase (New
England Biolabs, Ipswich, MA) and uridine triphosphate to
prevent amplification of any previously made amplicons.
The following program was used with the thermocycler
(7900 HT, Applied Biosystems): initial amplification at
95 °C for 120 s, followed by 45 cycles each at 95 °C for 15 s
and 57.8 °C for 30 s, and concluding with a final cycle at
95 °C for 60 s and 55 °C for 60 s. The thermocycler was in a
separate building from that in which the specimens were
prepared, and the PCR plates were never returned to the
preparatory laboratory. Evaluation of magnetic bead DNA
extraction and real-time PCR precision was assessed by
repeated extractions and multiple reactions of simulated
clinical samples. These samples were created by serial
dilution of the M. pneumoniae reference culture to 104, 103,
102, and 101 CFU/mL saline. Two sets of samples underwent
magnetic bead DNA extraction on consecutive days, and
samples were reacted in quadruplicate and triplicate,
respectively (Fig. 2A). These data also served to determine
assay sensitivity.

2.7. Microfluidic real-time PCR

Prior to processing patient specimens, validation of the
precision of on-chip microfluidic PCR was performed. Five
simulated clinical specimens were prepared at a concentra-
tion of 104 CFU/mL sterile saline and extracted with
magnetic beads, and the final 10 μL of each were pooled.
Twenty real-time PCR reactions were run on the microfluidic
platform, consisting of 4 reactions each on 5 separate 4-loop
chips (Fig. 1). As described above, 10-fold dilutions of M.
pneumoniae were used to generate a standard curve
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comparing CFU/mL with the real-time PCR cycle threshold
(CT) of detection (Fig. 2B). Three real-time PCRs of each
concentration were run on the microfluidic platform, and
each run included an NTC consisting of PCR-grade water in
place of extracted specimen template. In addition, separate
studies using beads added to spin column-purified M.
pneumoniae DNA were undertaken to confirm that the
presence of beads in the chip loops would not inhibit the
PCR (data not shown).

As noted above, DNA extracts of NPW specimens were
stored at −20 °C for subsequent testing on the microfluidic
platform. Two 2-μL aliquots of each extracted NPW were
tested. Each 2-μL extract was diluted 1:1 in TE buffer (pH
8.0, 50 mmol/L NaCl, 0.075% Tween 20), which was
necessary because the chip wells were designed to accept a
minimum input volume of 3 μL. The 2 aliquots of each NPW
specimen underwent real-time PCR on-chip as close to the
same time as possible, and always on separate chips. Three
patient specimen aliquots and 1 positive control, consisting
of 200 fg/μL of M. pneumoniae genomic DNA, were run on
each chip. Negative controls were included only periodically
to maximize throughput and because previous tests of NTCs
were invariably negative. The master mix was prepared daily
and included, per reaction, 1.2-μL PCR buffer with final
concentrations after 1:1 mixing of sample and master mix
droplets of 3 mmol/L MgCl2, 1 μmol/L Mp181 primers,
1 μmol/L Taqman Mp181 probe, and 0.5 U/μL KAPATaq.

For on-chip real-time PCR, the heaters were preheated to 95
and 58 °C. The chip was then removed from its vacuum-
sealed package, filled with ca. 1.5-mL degassed 10 cSt
silicone oil, and inserted into the real-time instrument. Four
microliters of magnetic bead-extracted DNA were added to
the appropriate wells, and 3-μL master mix was added to the
appropriate wells. The magnetic Dynabeads are concentrated
by permanent magnets embedded in the deck of the
instrument and situated directly underneath particular
locations of the chip when in place on the real-time
instrument. A 330-nL droplet containing all the beads
concentrated from the 4-μL sample was dispensed from the
loading zone and mixed with a 330-nL droplet of master mix.
The combined droplet was physically cycled between the
denaturation and annealing zones corresponding to the cycle
temperatures of 95 and 58 °C, respectively. The dwell times
were 10 s at 95 °C and 45 s at 58 °C with 4 s of transport time
between the 2 zones. Fluorescence readings were taken at the
end of each annealing extension cycle. At the conclusion of
the run, the software program computed the earliest CT of
detection of amplicon above the baseline, that is, a positive
test for the target DNA. The CT is inversely related to the
amount of template DNA. Patient specimens that were
discrepant between the 2 platforms were reextracted and
retested on both platforms.

3. Results

3.1. Validation of conventional real-time PCR and
microfluidic platform

Positive control samples for the conventional qPCR were
created by extracting a 104 CFU/mL suspension of M.
pneumoniae in sterile normal saline. All 29 conventional
qPCR-positive control samples tested alongside patient
samples amplified with a mean CT of 29.7 ± 0.50 SD. The
efficiency of conventional qPCR runs varied from 91.6% to
101.3%. All but 1 NTC tested by conventional qPCR were
negative. After finding amplification of 1 NTC sample on the
conventional real-time PCR, all reagents were replaced, and
the tests on that run were successfully repeated.

Nineteen of the 20 aliquots of 104 CFU/mL that underwent
real-time PCR on themicrofluidic platform amplified, and the
mean CT ± SD for these runs was 29.6 ± 0.96 (Table 1).
Positive controls for the microfluidic qPCR platform
consisted of 67-fg commercial M. pneumoniae DNA.
Thirty-seven of 40 positive controls were amplified with a
mean CT of 31.28 ± 0.98 SD. The CTs for these controls was
comparable to the results obtained by Winchell et al. (2008),
who also amplified the Mp181 target.

3.2. Comparison of conventional real-time PCR and the
microfluidic platform

The limit of detection of M. pneumoniae in simulated
specimens extracted with magnetic beads was 10 CFU/mL

Fig. 2. Limit of detection and precision testing performed with simulated
clinical samples on (A) the conventional real-time PCR platform and (B) the
microfluidic real-time PCR platform. Graph depicts concentration versus
mean CT with SDs.
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for the conventional real-time PCR platform. The micro-
fluidic platform was not tested at lower concentrations but
did detect 100 CFU/mL. The limit of detection was more
sensitive on both platforms for specimens extracted via
QIAamp DNA blood mini kit (data not shown), which is
consistent with a study comparing 5 DNA extraction
methods, including the QIAamp DNA mini kit and magnetic
bead extraction with Dynabeads (Cler et al., 2006). That
study showed the QIAamp mini kit produced a higher yield
of extracted DNA than did magnetic bead extraction, which
should lead to increased sensitivity.

Six of the 59 patient NPWs initially were positive on at
least 1 real-time PCR platform. Two NPWs tested positive
for M. pneumoniae DNA on both the conventional and the
microfluidic platforms. Two NPWs were positive only on the
conventional platform, and 2 others were positive only on the
microfluidic platform. When additional aliquots of the 4
discrepant NPW specimens were extracted and tested on
both platforms, 1 specimen was positive on the conventional
platform, and none was positive on the microfluidic
platform. Thus, we concluded that a total of 3 specimens
were positive (Table 2), and the agreement between
platforms for the 59 samples was 98%. None of the NPWs
from healthy individuals was positive on either instrument,
and the spiked nonpatient NPWs did not inhibit the PCR;
that is, there was no inhibition or significant increase in the
CT of detection (data not shown). The time required to run
50 PCR cycles on the microfluidic platform was 60 min
versus 165 min on the conventional platform.

4. Discussion

This report describes the first direct comparison of
digital microfluidics to conventional bench methods for the
detection of microbial DNA in clinical specimens. In
recent years, real-time PCR has emerged as a rapid and
sensitive diagnostic technique for respiratory infections
caused by M. pneumoniae, an organism whose detection
by culture and serology has long been recognized as
arduous and ineffectual. Consequently, many variations on
DNA-based detection of M. pneumoniae in clinical
specimens have been developed, and most have demon-
strated significantly greater sensitivity and specificity than

culture or serology (Daxboeck et al., 2003; Loens et al.,
2003). These methods have not become routine in hospital
clinical laboratories or outpatient clinics because they
require significant training, and most of the protocols and
instruments are not expandable to multiple pathogens, fully
automated or portable.

The microfluidic PCR platform developed by Advanced
Liquid Logic obviates all of these disadvantages of
conventional PCR thermocycling. This investigation com-
pared the microfluidic platform with conventional real-time
PCR for the capability to detect M. pneumoniae DNA in
respiratory specimens from patients with CAP, using the
same protocol for extraction, probe, and primers. The
microfluidic real-time PCR performed as well as conven-
tional PCR. Furthermore, the microfluidic real-time PCR
was easier to use and nearly 3 times faster. It is versatile,
portable, and potentially inexpensive and amenable to point-
of-care use in the hospital or outpatient setting. Consequent-
ly, we are currently conducting a large-scale evaluation on
more than 200 patients with CAP, including additional
laboratory data, such as cultures, serologies, and tests for
viral pathogens.

We observed that the bead-based extraction was less
efficient than the column filtration method and confirmed
these results by conventional real-time PCR. However, we
chose to use a magnetic bead extraction protocol because
microcentrifugation steps are not required. The next version
of the microfluidic platform, currently under development,
will include an automated specimen preparation step using
on-chip, bead-based extraction of DNA. Magnetic beads also
provide a mechanism for concentrating DNA from a 10-μL
specimen volume into a 1- to 2-μL volume, which is ideal for
a single microfluidic real-time PCR. The sensitivity of the
microfluidic platform was equivalent to conventional real
time over the range that was tested (≥100 CFU/mL). Based
on estimates of the census of M. pneumoniae in respiratory
specimens of infected patients, this level of sensitivity
appears to be adequate for diagnosis (Kenny et al., 1990;
Skakni et al., 1992).

After resolving 3 discrepant test results, 5% of patient
specimens were positive on at least 1 platform. These results
are within the ranges of reported prevalence of mycoplasmal
CAP. Explanation for the discrepant specimens is uncertain.
There was no indication of contamination or thermal cycler
failure. Most likely, the discrepant specimens had marginal
levels of M. pneumoniae DNA because the CTs on the

Table 1
Precision of the microfluidic real-time PCR platform using simulated
clinical samples at 104 CFU/mL

Loop 1 Loop 2 Loop 3 Loop 4 Mean ± SD

Chip 1 31.1 30.3 30.1 29.5 30.25 ± 0.61
Chip 2 29.7 29 28.5 29.7 29.24 ± 0.59
Chip 3 29.4 28.6 29.6 28.9 29.14 ± 0.45
Chip 4 29.1 28.2 28.9 28.4 28.68 ± 0.42
Chip 5 30 31 31.7 ND 30.94 ± 0.85
Mean 29.86 ± 0.69 29.42 ± 1.06 29.76 ± 1.12 29.13 ± 0.51 29.58 ± 0.96

ND = not done.

Table 2
Comparison of real-time PCR results of acute patient NPWs on conventional
and microfluidic real-time PCR platforms

Conventional real-time
PCR

Positive Negative

Microfluidic real-time PCR Positive 2 0
Negative 1 56
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initially positive tests were higher. Overall, these initial
results of the diagnostic potential of digital microfluidics are
most promising.
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