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Abstract
DNA-paramagnetic silica bead aggregation in a rotating magnetic field facilitates the quanti-

fication of DNA with femtogram sensitivity, but yields no sequence-specific information.

Here we provide an original description of aggregation inhibition for the detection of DNA

and RNA in a sequence-specific manner following loop-mediated isothermal amplification

(LAMP). The fragments generated via LAMP fail to induce chaotrope-mediated bead aggre-

gation; however, due to their ability to passivate the bead surface, they effectively inhibit

bead aggregation by longer ‘trigger’ DNA. We demonstrate the utility of aggregation inhibi-

tion as a method for the detection of bacterial and viral pathogens with sensitivity that

approaches single copies of the target. We successfully use this methodology for the detec-

tion of notable food-borne pathogens Escherichia coliO157:H7 and Salmonella enterica, as
well as Rift Valley fever virus, a weaponizable virus of national security concern. We also

show the concentration dependence of aggregation inhibition, suggesting the potential for

quantification of target nucleic acid in clinical and environmental samples. Lastly, we dem-

onstrate the ability to rapidly detect infectious pathogens by utilizing a cell phone and cus-

tom-written application (App), making this novel detection modality fully portable for point-

of-care use.

Introduction
Currently, conventional methods for detection of pathogenic microorganisms (e.g., culture,
virus isolation, real-time polymerase chain reaction (qPCR), and immunoassays) are effective,
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but often time-consuming and dependent on expensive laboratory equipment. The expense of
the instrumentation is associated with specifications for the necessary optical properties re-
quired for fluorescence detection, which is often laser-induced, or for rapid thermal-cycling
[1–2]. To facilitate using nucleic acid amplification tests (NAT) that preclude detection of fluo-
rescence, there is a need for new analytical platforms for amplicon detection. Standard methods
for NAT, including qPCR, NASBA, and Loop-mediated isothermal amplification (LAMP),
have proven incredibly sensitive and specific for detection of microbial pathogens. However, in
order to be portable and cost-effective in a point-of-care (POC) setting, an alternative to these
methods is needed for detection of NAT amplicons.

Molecular diagnostic-based detection and characterization of microbial pathogens is of im-
mense utility for emerging diseases, which include multi-drug resistant bacteria and rapidly
mutating viruses capable of evading the immune response. Although NATmethods share simi-
lar processes for generation of nucleic acid sequence-specific amplicons, the technique of effi-
cient amplicon detection is fundamental to whether this can be done in a portable and cost-
effective manner.

In the present investigation we focused on the utilization of paramagnetic silica beads, de-
veloped for nucleic acid isolation and image analysis, as a replacement for fluorophores or
fluorophore-quenching probes. By eliminating complicated wavelength-specific optical detec-
tion and thermal-cycling equipment we abrogate the necessity for expensive and cumbersome
instrumentation. We propose that Product-inhibited Bead Aggregation (PiBA) represents the
potential for rapid and robust detection of pathogen-specific amplicons at a fraction of the cost
of conventional methods. We apply this technology to the detection of food-borne pathogens,
including E. coli and Salmonella, Rift Valley fever virus (RVFV), a weaponizable RNA virus of
national security concern, and human-specific DNA via the thyroid peroxidase (TPOX) gene.

In this report, we demonstrate the sequence-specific detection of both DNA and RNA from
human, bacterial, and viral sources with a detection platform that requires only a rudimentary
heat source, an inexpensive camera, and a simple computer algorithm. Our description of
PiBA as the inhibition of chaotropic nucleic acid-induced bead aggregation is the core concept
behind this novel detection modality. This method exploits the original use of an existing re-
agent (paramagnetic beads) to effectively circumvent the need for expensive flourophores or
dual-labeled probes. The detection of bead aggregation inhibition involves analysis of an image
captured by a camera; inexpensive and portable when compared to the hardware required for
laser-induced fluorescence detection and thermal-cycling. DNA and RNA target amplification
is driven by loop-mediated isothermal amplification (LAMP). This multi-primer amplification
system provides exquisite target specificity and low copy number target sensitivity without the
complexities of thermal-cycling and fluorophore detection.

By coupling the PiBA assay to LAMP, we demonstrate that the requirement for thermal-
cycling is eliminated, and the assay can effectively be performed on a simple heat block or
water bath. The simplicity of both heat control and optical detection makes this technology
suitable for resource-limited and rural settings that lack access to important clinical diagnostic
facilities.

Results and Discussion

Proof of Concept
It has long been established that DNA released from lysed cells binds to silica beads in the pres-
ence of a chaotropic salt (e.g., guanidine). The interaction between DNA and the silica surface
is thought to be entropically driven, and this phenomenon is the basis for most commercial
DNA purification kits used today [3–6]. However, under the same chaotropic conditions in a
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rotating magnetic field, paramagnetic silica beads are aggregated by DNA, with the extent of
aggregation quantitatively linked to the mass of DNA present, a phenomenon referred to as the
‘pinwheel effect’ [7]. The entanglement that leads to DNA-bead aggregation requires a thresh-
old DNA length>10 Kb, and since most DNA released from cells under denaturing conditions
is close to full length, direct quantification is possible using this method. This technique can be
used directly on crude samples (e.g., whole blood) whereby DNA mass can be quantified and
used as a new method for cell counting [8].

Shorter fragments (<3 Kb), however, fail to induce aggregation, being physically too short
to entangle the micron-scale beads. While smaller beads (400 nm) have an increased tolerance
for shorter DNA, fragments<5 Kb are still problematic. NAT assays generate DNA amplicons
<1 Kb in order to facilitate assay speed with specificity; however, it is not possible to use bead
aggregation as a detection mode for these short sequences [7].

The inability of short double-stranded nucleic acid fragments to induce entanglement and,
subsequently, aggregation, does not mean that these shorter DNA fragments will not bind to
the silica bead surface. In fact, there is significant literature that supports this ionic interaction
phenomenon [9–10]. For empirical proof, we tested this by evaluating bead aggregation in the
presence of short fragments produced by loop-mediated isothermal amplification (LAMP).
This amplification approach uses 6–8 primers, specific for a desired DNA (or RNA) target se-
quence, and generates an abundance of DNA fragments varying in size [11].

Fig 1A shows the result of measuring the impact that an abundance of shorter DNA frag-
ments has on the ability of full length DNA to induce micro-bead aggregation. As expected, the
LAMP products (here, E. coli O157 LAMP product amplified from a starting template of 200
genomic copies) alone failed to induce bead aggregation as a result of inadequate length. More
importantly, in the presence of the LAMP products, λ-phage trigger DNA (~48 Kb) fails to
induce bead aggregation. Trigger DNA refers to DNA that would induce aggregation of the
beads under normal, chaotropic conditions. This supports our theory that small DNA frag-
ments bind avidly to the silica surface and prevent the binding of very long double-stranded
DNA fragments that would normally aggregate the beads. When these same beads are
“cleansed” of the small double-stranded fragments by elution of bound DNA with TE buffer,
exposure anew to λ-phage DNA results in bead aggregation, indicating the integrity of the

Fig 1. PiBA proof-of-feasibility andmechanism of action. A) Results suggesting LAMP product is too
short to induce bead aggregation, but still capable of binding to silica surface of beads and inhibiting
aggregation by ‘trigger’ DNA. B) Effect of LAMP product inhibiting aggregation in presence of various types of
‘trigger’ DNA. C) Following LAMP, ‘trigger’ DNA is added to sample and exposed to RMF for 5 minutes.
Images are analyzed and a Yes/No read-out is given in a matter of minutes.

doi:10.1371/journal.pone.0129830.g001
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beads for DNA binding. It is worth noting that λ-phage DNA was set as ‘100% Aggregation’
for these experiments and that the regenerated beads+ phage DNA, as well as the human
DNA, both aggregated more than the sample of λ-phage DNA. For this reason, human DNA
was used to normalize the data (i.e. set to ‘100% Aggregation’) presented in the remainder of
the experiments described in this study.

This data supports our theory that the inhibition of bead aggregation by full length DNA
could be an indicator of the presence of an inhibiting concentration of smaller DNA fragments.
These fragments effectively compete for a limited number of ionic binding sites on the beads in
a non-specific manner with regard to DNA sequence. However, the specificity of LAMP in gen-
erating double-stranded DNA fragments is known to be high, owing to multiple primers (no
fewer than 6) required for successful product amplification [11], thus it is the inhibition of
bead aggregation by trigger DNA that we propose as a new detection modality based on the
non-specific binding competition mechanism (S1 Fig). Here, if the smaller fragments of DNA
have occupied the binding sites on the beads, full length DNA cannot lash together adjacent
beads to induce aggregation. In other words, a standard ‘trigger DNA’ is used to probe the sus-
ceptibility of the silica beads to DNA-induced aggregation. This non-specific stoichiometric
binding competition is further demonstrated in Fig 1B where DNA from a variety of different
sources readily aggregates the beads, but aggregation is consistently inhibited by the presence
of LAMP products, supporting the proposed binding competition mechanism. This indicates
that (LAMP) fragments, amplified as a result of the presence of a specific nucleic acid target,
can be readily detected by inhibition of trigger DNA-induced bead aggregation. Utilizing a cell
phone-like camera and a simple algorithm for image analysis, detection through aggregation/
image capture/image analysis can yield a Yes/No response in a matter of minutes.

We sought to evaluate the utility of Product-inhibited Bead Aggregation (PiBA) for the de-
tection of DNA and RNA targets specific to a select group of infectious pathogens. In order to
accomplish this, aggregation controls had to be established for each target: negative, with no
template nucleic acid, and positive, with template for the known target. Optical images are first
analyzed, using a Mathematica algorithm, in terms of “Percent Aggregation” based on the total
number of dark pixels present (Fig 2A and 2B, also S2 Fig). The negative control is then used to
normalize the data to “Percent Inhibition of Aggregation” by setting it to 0%. The probability
distribution function (PDF) of the positive control is plotted and the statistical threshold is set
as 3 times the standard deviation of the mean value. A second Mathematica algorithm then an-
alyzes the PDF of each piece of data (Fig 2C and S3 Fig) and calculates the probability of any
given curve crossing over the statistical threshold. Results are presented as “Percent Probability
of Positive Result” simply for ease of interpretation so that a Yes/No, qualitative answer is im-
mediately evident when looking at the data. Since this analysis uses both the sample mean and
standard deviation in the probability distribution function, error bars are absent in these plots.
A visual threshold is determined empirically for ease of result interpretation, and this is shown
as 50% for all data presented. Any sample above this threshold is considered positive, while any
sample below is considered negative (Fig 2D).

Food-Borne Pathogen Detection
Pathogen detection in the food industry is important due to the potentially disastrous conse-
quences of failing to detect certain bacteria, and the ensuing public health crisis [12]. The Cen-
ters for Disease Control (CDC) estimates that food-borne pathogens account for roughly
128,000 hospitalizations and 3,000 deaths each year in America. E. coli alone causes approxi-
mately 73,000 cases of diarrheal illness in the U.S. each year and further life-threatening com-
plications, including hemolytic uremic syndrome (HUS), occur in about 4% of these cases [13].
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Additionally, studies have shown that as few as 10–100 E. coli cells are enough to cause infec-
tion in humans [13–14].

To address this, we wanted to explore the potential utility of this approach for detecting
food-borne infectious agents, specifically, E. coli, Salmonella, and Listeria. A set of eight unique
LAMP primers was used to target sequences in the shiga toxin 2 (stx2) gene of E. coli O157:H7,
strain EDL933 isolated from ground beef associated with the 1982 E. coli outbreak in Michigan
(for primer information, please refer to S1 Table) [15].

Using these, specificity was evaluated, and Fig 3A (corresponding to S4 Fig) shows the
clear-cut detection of E. coli O157:H7; no aggregation inhibition was seen with Salmonella or
Listeria template. The specificity of PiBA was further evaluated by testing the same samples
with a primer set specific for target sequences in the Invasion A (invA) gene of Salmonella (Fig
3B and S5 Fig). Again, only the desired target organism (Salmonella) showed dramatic aggrega-
tion inhibition, indicating that PiBA is specific for the bacterial pathogens of interest. In all
cases, with both E. coli and Salmonella primers, there is no non-specific amplification of off-
target bacterial species, and 200 genomic copies of each target were used for amplification.

Having shown (at least with the targets tested) that PiBA had the desired specificity for in-
fectious pathogen detection, the sensitivity of the assay was evaluated using the primer set spe-
cific for E. coli O157:H7 stx2 gene sequences (S1 Table). Solutions prepared through serial
dilution provided starting template concentrations that varied from less than 1 to a high of
2000 genomic copies (per amplification reaction). Fig 4 (corresponding to S6 Fig) shows that
the aggregation inhibition with template concentrations from 2000 copies down to 20 copies
was unequivocal. At a template concentration of 2 copies, significant aggregation inhibition
was observed in 2 of 3 analyses. Further dilution to less than 1 copy per reaction (0.2 copies)
produced no observable aggregation inhibition. Thus, we conclude that the limit of detection
lies around 20 starting copies of genomic DNA. Research has shown that E. coli contains

Fig 2. Determining the statistical and empirical (visual) thresholds for genetic analysis via PiBA. A)
Optical images of (+/-) Controls. B) Graph of “%Aggregation”, error bars represent standard deviation, n = 3.
C) Probability distribution functions (PDF) calculated for (+/-) Controls. Threshold set as [μ-3σ] for (+) Control.
X axis shows “%Maximum Inhibition of Aggregation”, (-) Control set as “0%”. D) Graphical representation of
PDF. “Probability of Positive Result” represents likelihood of value to cross the calculated statistical
threshold. Empirical threshold serves as visual representation of positive/negative results. For all data
represented, the empirical threshold is set at 50%. Values above this threshold are considered positive and
values below are considered negative.

doi:10.1371/journal.pone.0129830.g002
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approximately 4 genomic copies/cell [16]; therefore, our findings are significant for food-borne
pathogen detection, as we have demonstrated the ability to detect<10 cells in a sample.

Detection of E. coli with Serotype- and Strain-Specificity
Differentiation of various serotypes/strains of the same bacteria has important implications
for food-safety and clinical pathology [17]. To address this, E. coli was used as the model or-
ganism. E. coli O157 affects the food supply and, therefore, has potential impact on patient
health. As such, it is critical to have technology capable of detecting bacterial DNA isolated
from various types of samples. Enterohemorrhagic (EHEC), Enteroaggregative (EAEC), and
Enteropathogenic (EPEC) are three serotypes of E. coli, and the corresponding strains in-
volved here are O157, O42, and O127, respectively. For the EHEC serotype O157 there are
multiple sub-strains, including EDL933, 86–24, and TW14359. The primer set used here is
specific to E. coli O157 and targets the rfbE gene (O-antigen transporter), which is common to
all sub-strains (EDL933, 86–24, and TW14359) but absent in O42 and O127. The primer set
specific for EAEC O42 targets sequences in the aggR gene (a transcriptional activator of

Fig 3. PiBA for specific food-borne pathogen detection. A) PiBA using primers specific to Escherichia
coli. B) PiBA using primers specific to Salmonella enterica. Here, Listeria monocytogeneswas used as an off-
target (-) Control.

doi:10.1371/journal.pone.0129830.g003
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aggregative adherence fimbria) [18], which is absent in the EDL933, 86–24, and TW14359
sub-strains (S1 Table).

Fig 5A (corresponding to S7 Fig) shows the results of PiBA detection following amplifica-
tion of O157, O42, and O127 DNA using the rfbE (O157) and aggR (O42) gene primer sets
(200 genomic copies used as starting template for each). Significant aggregation inhibition was
only observed with amplified products specific to the target, i.e., O157 primers were largely in-
effective with O42 and O127 template DNA. Similar results were obtained with the O42 prim-
ers, which were ineffective with the O157 and O127 E. coli strains. EPEC O127 template DNA
was used as an off-target control and, as can be seen in the figure, there was minimal aggrega-
tion inhibition observed with either primer set. Again, there is no evidence to suggest non-spe-
cific amplification with the O157 primers. However, in experiments with O42 primers there
was a slightly higher probability of positive result, though still sufficiently below the empirical
threshold. This is attributed to primer design, and continued optimization of both primer se-
quence and amplification temperature in future studies will likely decrease this.

Having successfully demonstrated detection of E. coli O157 isolated from ground beef, we
sought to further validate the LAMP-PiBA assay using the same starting template amount with
human stool samples associated with other outbreaks. O157 strain TW14359 was responsible
for the spinach-associated outbreak in 2006, while strain 86–24 was associated with an out-
break in 1985 traced back to contaminated beef [13]. Results in Fig 5B (corresponding to S8
Fig) show that both TW14359 and 86–24 exhibit aggregation inhibition, correlating with a
high probability of a positive result. A complete lack of aggregation inhibition with E. coliO42
indicates minimal (or no) non-specific amplification. These results support the potential for fu-
ture use of PiBA with various starting sample types (food, human stool).

Fig 4. Lower limit of Escherichia coliO157:H7 detection via PiBA. Limit of detection was determined to
be conservatively 20 copies (2 out of 3 analyses were positive using 2 genomic copies of template DNA).
Each starting template amount was tested three times, n = 3. The LOD was determined using Escherichia coli
O157:H7 strain EDL933 isolated from ground beef.

doi:10.1371/journal.pone.0129830.g004
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Human-Specific DNA Detection
To demonstrate the full bandwidth of the LAMP-PiBA assay, we focused on human genomic
DNA pertinent to a forensic application. For forensic DNA analysis, where a number of genetic
loci are probed for tetra- and penta-nucleotide repeats, it is critical to define that casework sam-
ples have DNA of human origin. The thyroid peroxidase (TPOX) gene is a commonly probed
locus that is human-specific. To test PiBA in this capacity, LAMP primers were specifically de-
signed to target the TPOX gene, and used for amplification of DNA from multiple species with
a starting template concentration of 1ng/μL (S1 Table). As shown in Fig 6A (corresponding to
S9 Fig), only human DNA elicited a response that was consistent with the presence of the
TPOX sequence.

Virus Detection
Having shown success of the LAMP-PiBA assay for detection of bacterial DNA, we were curi-
ous as to its effectiveness with RNA and virus targets. The capability of PiBA for detection of

Fig 5. Strain-specific PiBA detection of E. coli. A) PiBA detection of Enterohemorrhagic E. coliO157:H7
(EHEC) using primers specific to rfbE gene, shown in blue. Enteroaggregative E. coliO42 (EAEC) detection
using primers specific to aggR gene, shown in green. B) Detection of E. coliO157 DNA extracted from human
stool. 86–24 and TW14359 are O157 strains isolated from outbreaks in 1985 and 2006, respectively. EAEC
O42 was used here as an off-target (-) Control.

doi:10.1371/journal.pone.0129830.g005
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an RNA virus is demonstrated here for RVFV-MP12, a mosquito-borne pathogen, which
along with other viruses such as Ebola, is known to cause viral hemorrhagic fever (VHF). In
1999, the CDC classified all viruses capable of producing VHF as Category A Bioweapon
Agents, due in part to the lack of vaccines available to the general public [19]. RVFV outbreaks
occur routinely in rural parts of Africa and the ability to have a PiBA-based POC platform
would be extremely beneficial for field diagnostics.

In order to detect RVFV-MP12, LAMP primers specific for the L Polymerase gene (L pol)
were utilized (S1 Table). Four blinded viral samples (purified RNA), potentially containing
RVFVMP12, were obtained and tested using L pol primers. Fig 6B (corresponding to S10 Fig)
shows that, of the four samples, only sample #2 was positive for RVFV-MP12.

The scoring of the trials with blinded samples is given in Fig 6C. With samples #1, 3, and 4
containing RNA template from Influenza A, Influenza B, and Venezuelan Equine Encephalitis
Virus (VEEV TC83), respectively, the reverse transcription (RT)-LAMP-PiBA assay proved ef-
fective in defining the only sample with RVFV-MP12 (#2). This was confirmed by convention-
al qRT-PCR (S11 Fig).

Also positive was the RVFV-MP12 infected sample which consisted of RVFV RNA in a back-
ground of host RNA at a ratio of ~1: 10,000. This is significant as it suggests that RT-LAMP-
PiBA may have potential for use with samples that have not undergone upstream enrichment
procedures. Additionally, it proves the feasibility to perform the PiBA assay following RT-LAMP,
as well as LAMP. By demonstrating proof of feasibility with various bacterial and viral pathogens
in the present study, we believe our technique could reasonably be extended to apply to any tar-
get pathogen for which specific primers can be designed.

Fig 6D shows some final results that are noteworthy. With PCR, there is an exponential in-
crease in the number of amplified product copies with each cycle, and this can be observed in
real-time with fluorescence detection. Since LAMP is time-based, not cycle-based, it stands to

Fig 6. Detecting the presence of DNA specific to the human thyroid peroxidase (TPOX) gene and Rift Valley fever virus (RVFV) RNA. A) PiBA for
detection of human-specific DNA from whole blood. Primers were designed to target the TPOX gene. B) RVFV detection from infected (viral RNA in a
background of host RNA) samples. #1–4 represent blinded viral samples. C) Results of blinded analysis of samples. D) Results suggesting that “% Inhibition
of Aggregation” is concentration dependent and varies with time of amplification.

doi:10.1371/journal.pone.0129830.g006
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reason that there should be an increase in the mass of amplified product with time. However,
despite the sensitivity of PiBA (see Fig 4) it was not obvious that amplicon production would
be observable in a similar manner using nothing more than bead aggregation as a read-out.
Given the time-course results for RVFV-MP12 shown in Fig 6D, it appears that it may be pos-
sible to quantify amplicon production based on the extent of bead aggregation inhibition. Fu-
ture studies will investigate the effect of bead size and concentration on the sensitivity and the
dynamic range of the PiBA assay, while our preliminary studies suggest the dynamic range of
aggregation inhibition lies between 20–2000 genomic copies.

As mentioned above, PiBA can be utilized for human-specific DNA discrimination, and if
the quantitative potential is fully realized with this assay, it could prove powerful for use up-
stream of STR analysis by providing an answer in terms of human specificity and amount of
DNA present.

Conclusions
Fluorescence dominated as a sensitive detection modality for nucleic acid testing, and obvious-
ly played a key role in the sequencing of the human genome [20–21]. While powerful, it is teth-
ered to the use of specialized reagents that must be purchased commercially, and are often
expensive. In addition, hardware demands are high when lasers are used for excitation and so-
phisticated optical systems are required for detection. Traditional LAMP can be interpreted by
comparing the turbidity; however, this can lead to subjectivity and misinterpretation on the
part of the reader if they are untrained. For point-of-care devices, it is advantageous to have
test results that are presented in a simple, Yes/No way to avoid misinterpretation. It is for these
reasons that there is intense interest in label-free detection technologies. If inexpensive reagents
and simplified optical components are involved, a more portable and cost-effective instrument
becomes possible. With LAMP-PiBA, reagent requirements include only fluor-free primers for
amplification, unlabeled commercially-available magnetic beads, and guanidine. Likewise, de-
tection with PiBA consists of simple image capture and analysis with an inexpensive cell
phone-like camera. In this respect, PiBA as a label-free detection technology is the antithesis of
fluorescence detection.

In this report, we make a case for the broad range utility of LAMP-PiBA, showing its effec-
tiveness for sequence-specific DNA and RNA detection, as well as applicability to bacteria,
virus, and human sequences. On the amplification front, specificity is driven by the 6–8 prim-
ers needed for LAMP, where incomplete hybridization of any one primer results in no amplifi-
cation [22]. Comparing the per run reagent costs for LAMP with PCR, the primer cost
differential is negligible at ~7¢ and 1¢, respectively, while the fluorescence reagents for qPCR
(SYBR green or Taqman probes) total ~$1; cost of beads for PiBA is a fraction of a cent. Conse-
quently, the overall cost differential is ~10-fold.

While cost reduction is not without value, the true paradigm shift with PiBA is in the hard-
ware. The ‘pinwheel effect’ was discovered using the rotating magnetic field generated by a lab-
oratory stir plate. This is currently being miniaturized as an electromagnetic array that
interrogates 5 mmmicrowells in a small (2 cm2) microchip. The excitation source (lamp or
laser) and photo-detection system (optics, photodiode, CCD) required for fluorescence detec-
tion are circumvented in PiBA by a camera (minimum 3MP) for image capture with no need
for elaborate back-lighting. Together, these represent a significant simplification in the hard-
ware for detection. The image analysis (an algorithm inMathematica) is simple and can be
converted into a cell phone application (app). In fact, Fig 7 shows the processing of images
from Salmonella samples, and the resultant Yes/No call is given as a screen shot of the Android
phone. These characteristics make PiBA a potentially powerful tool in resource-limited settings
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where infectious disease diagnostics are of critical importance. Cited as an invaluable criteria
for point-of-care testing, simple ‘Yes/No detection’ is required in order to avoid misinterpreta-
tion of results by untrained users [23].

Based on these preliminary results and the successful utilization of PiBA with a cell phone
camera and app (Fig 7), we believe this technology represents the potential for a fully-automat-
ed, inexpensive, and portable device suitable for resource-limited settings. Integration onto a
rotationally-driven microdevice (RDM), costing<$1 to fabricate, would allow for multiplexed
results in 10s of minutes. Such a device could be driven by the equivalent of a Sony Discman,
relying solely on battery power- significant because of the departure from conventional elec-
tricity-dependent devices. The potential of PiBA to be integrated into such a device stems from
the limited equipment requirements: basic heat source, cell phone camera, and custom app.

Materials and Methods

LAMP/RT-LAMP Protocol
All LAMP primer sequences and amplification temperatures can be found in S1 Table. Primers
were purchased from Eurofins MWGOperon. Reactions were carried out using a LoopAmp
DNA Amplification Kit and a LoopAmp RNA Amplification Kit (Eiken Chemical Co., Ltd.
Tokyo, Japan). For all reactions the following amounts of primers were used: 5 pmol each of F3
and B3, 20 pmol each LF and LB, and 40 pmol each of FIP and BIP. Positive and negative con-
trols were included in each run. For primers designed in-house, LAMP PrimerExplorer V4
software was used (http://primerexplorer.jp/elamp4.0.0/index.html; Eiken Chemical Co., Ltd.
Tokyo, Japan).

DNA/RNA Extraction
Human and Animal. DNA was extracted from human and animal blood for TPOX am-

plification using a QIAamp DNA mini kit (Qiagen, Netherlands) according to manufacturer
protocol. Animal samples were provided by the University of Virginia Center for Comparative
Medicine in accordance with the University of Virginia Institutional Animal Care and Use
Committee (ACUC). Blood collection was specifically approved by the UVA ACUC for

Fig 7. Detection of Salmonella using custom Android app. A) Choose camera setting to capture an image
of the microwell. B) Crop the image if necessary. C) The image is analyzed using a custom-written algorithm
to calculate “Percent Aggregation”. D) Results are given as a simple YES/NO output for ease
of interpretation.

doi:10.1371/journal.pone.0129830.g007
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diagnostic and research purposes under the animal protocol used in this study. Blood was col-
lected from the following animals: pig, ferret, rabbit, rat, and mouse. Human samples were de-
identified, prior to the authors receiving them, and scheduled for discard by the University of
Virginia Medical Laboratories. All samples were stored at -20°C until use.

Bacteria. E. coli cultures were grown overnight in LB media (Fisher Scientific) with antibi-
otics to an O.D.600 of approximately 1.5. Strains EDL933, 86–24, TW14359, and O42 were
grown with streptomycin (Sigma-Aldrich), final concentration 100μg/mL. Strain O127
(E2348/69) was grown in nalidixic acid (Sigma-Aldrich), final concentration 100μg/mL. Strain
86–24 was isolated from a patient in 1986 [24], strain O42 was isolated from an infected patient
in 1983 [25], strain O127 was isolated from a case of infantile diarrhea in 1969 [26], strain
TW14359 was isolated from a spinach outbreak in 2006 [27], and strain EDL933 was isolated
from raw hamburger (ground beef) implicated with outbreaks in 1982 [28]. These samples
were generously provided by Dr. Kendall at the University of Virginia. DNA was extracted
using 1mL of culture and a GenElute Bacterial Genomic DNA Kit (Sigma Aldrich, St. Louis,
MO). Genomic DNA was eluted with water and allowed to sit for five minutes prior to centri-
fugation. All samples were stored at -20°C until use.

Virus. Rift Valley fever virus (RVFV) strain MP12, a recombinant vaccine strain
(arMP12), was generated using an RVFV reverse-genetics system and then passaged in Vero
cells. The vaccine strain was originally derived from the RVFV ZH548 strain that had been iso-
lated in 1977 from a patient with uncomplicated RVFV [29]. These samples were generously
provided by the University of Texas Medical Branch, Galveston, TX. The Venezuelan Equine
Encephalitis Virus (VEEV) strain TC83 was obtained from BEI Resources (NR63). VEEV
TC83 was propagated by infecting Vero cells at 80–90% confluence at an MOI of 0.1 in supple-
mented media. Influenza A/California/04/09 and Influenza B/Taiwan/2/62 strains of Influenza
viruses were obtained from BEI Resources. Influenza viruses were propagated by infecting
MDCK cells at 80–90% confluence at an MOI of 0.1 in Influenza Growth Media (DMEM sup-
plemented with 1% bovine serum albumin, 1% non-essential amino acids, 1% L-glutamine,
and 1% penicillin/streptomycin). TPCK-treated trypsin from bovine pancreas (Sigma-Aldrich)
was added to the Influenza Growth Media at a final concentration of 200 ng/mL. Viral titers
were determined by plaque assays as previously described [30–32].

Viral RNA was isolated from cell-free viral supernatants using Trizol LS according to manu-
facturer’s recommendations (Life Technologies, Inc.) and DNase treated. RNA quantification
was performed using the Quant-iT RiboGreen RNA assay (Invitrogen) using the DTX 880
Multimode Detector plate reader (Beckman Coulter). The concentration of the sample was de-
termined using the Multimode Analysis software (Version 3.3.09). All samples (RVFV and the
four blinded RNA samples) were then diluted to 5E+07 genomic copies/5 μL. The final concen-
tration (in g/μL) for 5E+07 genomic copies per 5μL was determined by multiplying the mass of
the genome (1.6E-17 for RVFV; L, M, and S segment genome sizes are added together) by the
genomic copies wanted (5E+07), then dividing the number by 5μL. The final volume for 5E+07
per 5μL was determined by multiplying the stock sample concentration by the stock sample
volume, then dividing the number by the concentration wanted (for RVFV, 0.16 ng/μL for 5E
+07 genomic copies per 5μL). Total RNA was extracted from mock-infected (media containing
no virus) and MP12 infected Vero cells using RNeasy Mini Kit (Qiagen). RNA quantification
was performed using the NanoDrop 2000 Spectrophotometer (Thermo Scientific).

Quantitative real-time PCR
For RVFV and VEEV samples, qRT-PCR with viral specific primers and TaqMan fluorogenic
probes was performed using RNA UltraSense One-Step Quantitative RT-PCR System (Life
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Technologies) as previously described. For Influenza A and Influenza B samples, qRT-PCR
with viral specific primers (S11 Fig) was performed using the SYBR green real-time PCR Sys-
tem (Life Technologies).

Reagent preparation
30μL of stock Magnesil beads (purchased from Promega, Madison, WI) were washed three
times with guanidine hydrochloride (GdnHCl) solution (8M, 1X TE, adjusted to pH 6.1 with
100 mMMES) and resuspended in a total volume of 1000μL GdnHCl solution.

PiBA
The following was added to each 20μL well: 13μL of GdnHCl solution, 4μL stock Magnesil
beads, 2μL LAMP sample, 0.5μL pre-purified human genomic DNA (‘trigger’DNA, 1.0 ng/μL,
purchased from Promega). Mixture was exposed to a rotating magnetic field (RMF) at 2200
rpm for 5 min and vortexer was used at ~500 rpm to agitate the samples during assay. Images
of microwells were captured using a Canon Rebel EOS Rebel T1i, 15.1-megapixel camera.
Image files were processed using an isodata algorithm written in Mathematica software.

Supporting Information
S1 Fig. Schematic of PiBA mechanism. LAMP product is added to a sample of magnetic
beads. If the amplification was successful, the presence of short fragments of the target se-
quence inhibits aggregation by trigger DNA.
(TIFF)

S2 Fig. Sample output fromMathematica algorithm. Images of each microwell are analyzed
following the PiBA assay. “Percent Aggregation” is calculated based on the number of dark pix-
els present in each image.
(TIFF)

S3 Fig. Sample probability distribution functions. PDFs are plotted for each piece of data
(here, E. coli primer specificity) and the statistical threshold is calculated as 3 times the stan-
dard deviation of the mean of the positive control. A Mathematica algorithm is used to calcu-
late the probability of any given curve crossing the statistical threshold.
(TIFF)

S4 Fig. Results of E. coli primers. Data from Fig 3A presented as % Inhibition of Aggregation.
(TIFF)

S5 Fig. Results of Salmonella primers. Data from Fig 3B presented as % Inhibition of Aggre-
gation.
(TIFF)

S6 Fig. Results of Limit of Detection experiments.Data from Fig 4 presented as % Inhibition
of Aggregation.
(TIFF)

S7 Fig. Results of E. coli strain specificity experiments. Data from Fig 5A presented as % In-
hibition of Aggregation.
(TIFF)
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S8 Fig. Results of E. coli experiments extracted from human stool. Data from Fig 5B pre-
sented as % Inhibition of Aggregation.
(TIFF)

S9 Fig. Results of Human-specific DNA experiments. Data from Fig 6A presented as % Inhi-
bition of Aggregation.
(TIFF)

S10 Fig. Results of RVFV experiments. Data from Fig 6B presented as % Inhibition of Aggre-
gation.
(TIFF)

S11 Fig. Results from RVFV qRT-PCR. A) Table of results from RVFV qRT-PCR. B) Graph
of genomic copies per reaction, confirming blinded viral sample results. C) Primer
sequences used.
(TIFF)

S1 Table. LAMP primer sequences and amplification temperatures for all targets. A) E. coli
stx2, 65°C [33]. B) Salmonella invA, 63°C [34]. C) E. coli O157 rfbE, 65°C [22]. D) E. coli O42
aggR, 65°C. E) Human-specific TPOX, 0062°C. F) RVFV L polymerase, 61°C [35].
(TIFF)
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