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al detection of parallel loop-
mediated isothermal amplification with DG-
BioFETs for the detection of foodborne bacterial
pathogens†

Carlos Duarte-Guevara,ab Vikhram V. Swaminathan,b Bobby Reddy, Jr.,b

Jui-Cheng Huang,c Yi-Shao Liud and Rashid Bashir*e

The use of field effect transistors (FETs) as the transduction element for the detection of DNA amplification

reactions will enable portable and inexpensive nucleic acid analysis. Transistors used as biological sensors,

or BioFETs, minimize the cost and size of detection platforms by leveraging fabrication methods already

well developed for electronics. Here, we report a dual-gate BioFET (DG-BioFET) array platform with

1024�1024 sensors that is used for on-chip electrical detection of loop-mediated isothermal

amplification (LAMP) reactions that target food borne bacterial pathogens. The DG-BioFETs of our 7 �
7 mm2 array are able to electrically detect pH changes that are triggered by nucleotide incorporation

during LAMP elongation. Multiple 250 nL reactions can be simultaneously electrically monitored in our

array that is divided in 30 micro-chambers with gold-coated anisotropically etched silicon wells that act

both as reference electrode and confinement element. Our characterization results show that the gold-

biased DG-BioFETs have a sensitivity of 32 mV pH�1 (equivalent to 2 mA pH�1) and an average resolution

of 0.5 pH units. This sensitivity is high enough to detect the pH changes triggered by the amplification

reaction, but to maximize our signal-to-noise ratio and improve our quantitative conclusions we use

a group of data analysis techniques that are available in our high-density platform that monitors each

reaction with �3500 independent BioFETs. We use redundancy techniques to minimize the overall

standard deviation of our measurements, the Grubbs test to eliminate measurements outside the

expected normal distribution, and reference micro-chambers to subtract the common noise. With these

techniques we are capable of reducing the P value, of a t-test comparing positive and negative readings,

from a typical 0.17 to 0.03. The platform that we present along with the analysis techniques that we

developed allow the on-chip electrical detection and identification of E. coli O157 and S. typhi with

parallel LAMP assays targeting eae and invA genes. The LAMP reactions are highly specific, without false

positives, and our titration assays demonstrate a limit of detection of 23 CFU per reaction on chip.
Introduction

In the past few decades the food safety industry has achieved
important milestones to improve the quality of products and
control over the production chain.1 New biomolecular assays
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have been included in pathogen screening protocols enhancing
the response time, sensitivity, and accuracy of detection
protocols.2–4 Also, better understanding of the behavior of
pathogenic entities has resulted in updated handling proce-
dures that further reduce risk of contamination.5 However,
despite these important advances, food safety is still one of the
major concerns in the developed and underdeveloped world.6

During 2013 FoodNet (http://www.cdc.gov/foodnet/index.html)
reported more than 19 000 cases of conrmed foodborne
infections that resulted in 4200 hospitalizations and 80 deaths
in the United States. It is estimated that foodborne illness
represents an annual economic burden of $78 billion dollars7

and contamination outbreaks severely damage the economic
viability of companies and consumer trust.8,9 The situation is
aggravated by two important factors, a mutating enemy and a
more intricate food production system. Large recent outbreaks,
This journal is © The Royal Society of Chemistry 2016
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like the 2011 E. coli O104:H4 HUS epidemic in Germany,
demonstrated that microorganisms previously catalogued as
non-adulterants can cause serious illness, and that rapid
mutation of bacterial serotypes turn harmless into pathogenic
species.10 Additionally, in a more connected economy, diversity
and complexity of food products makes it difficult to enforce
regulations.11 Imports of agricultural goods have doubled in the
last decade and the assembly of products with raw materials
frommultiple locations complicates analysis, tracing, and other
food safety controls.12 To prevent foodborne related infections
under these challenging and evolving conditions, it is necessary
to create new tools and practices that can meet public health
goals.13

One of the fundamental disadvantages of the current food
regulation and protection system is that it is based on central
laboratories where samples are shipped for analysis. The
transportation of food samples from production or packaging
sites to laboratories for analysis is expensive.14 Moving samples
between different sites requires the development of transport
infrastructure, handling procedures, and packaging protocols
that augment the cost of the screening assay and signicantly
increase the time to result.15 Therefore, in the centralized
screening laboratory model, samples are infrequently tested
with troubling estimates indicating that only 2% of all the
imported food products are inspected for contamination.16,17 An
ideal solution, enabled by the novel combination of micro-
fabrication techniques and novel biomolecular assays, is to
create the equivalent of ‘point-of-care’ systems that can detect
pathogenic presence on-site, in a simple assay performed by
untrained personnel.15,18 Researchers have been actively
pursuing better tools for the detection of pathogens employing
multiple methodologies that aim to minimize the footprint and
complexity of the detection devices. For example, microuidic
impedance spectroscopy has been used to detect specic
pathogen growth when it is combined with capture anti-
bodies,19 bioluminescent phages were developed to easily detect
metabolic activity of target microorganisms,20 and lateral ow
assays are used for inexpensive detection with disposable
sensors.21 These proposed pathogen detection methods aim to
substitute standards, but the preferred approach is still the
identication and detection of foodborne pathogens through
nucleic acid amplication.22

DNA-based pathogen screening

DNA-based methods for microorganism detection provide
unchallenged specicity, sensitivity, and robustness. Nowadays
these methods are extensively used as screening assays prior to
culture conrmations. In fact, polymerase chain reaction (PCR)
assays have been incorporated in the Food Safety and Inspec-
tion Service (USDA-FSIS) manuals for pathogen detection and
are routinely used as the rst indicator of contamination.4

Therefore, a popular approach to improve the instrumentation
for the detection of pathogens is to reduce cost and complexity
of DNA amplication assays by developing portable systems for
nucleic acid detection. Relevant examples include: ‘Gene-Z’ that
uses a microuidic chip to partition a liquid sample and
This journal is © The Royal Society of Chemistry 2016
uorescently detect loop mediated isothermal amplication
(LAMP) reactions,23 ‘FilmArray’ that has developed a gastroin-
testinal panel of nested PCR for automated and multiplexed
detection of pathogenic entities,24 or compact disk inspired
devices that simplify arraying of samples and reaction prepa-
ration with ubiquitous and inexpensive tools.25 Additionally,
novel miniaturized systems integrate giant magnetoresistance
with line probe assays to perform parallel LAMP.26 The incor-
poration of magnetic nanoclusters labeled with streptavidin to
the LAMP reaction enables the electrical detection of the
amplication reaction. These strategies demonstrate that DNA
amplication reactions can be performed in multiple setups by
minimizing the footprint of equipment and simplifying prepa-
ratory steps. Unfortunately, these new systems for DNA ampli-
cation detection have not been successfully incorporated into
pathogen screening protocols due to high cost per test, poor
robustness, or the complexity of reading stations. Other systems
require additional reagents and labeling agents that augment
the test reaction cost and complexity. Hence, new systems that
meet the food safety requirements of very large and frequent
testing are currently being studied to improve the regulator's
ability to detect and control contamination.

An emerging approach for portable detection of DNA ampli-
cation reactions leverages advances in the semiconductor
industry to minimize cost and size of detection tools while
enhancing their robustness and level of automation.27 Aer
more than 50 years of exponential improvements, the semi-
conductor industry nowadays can easily fabricate transistors at
fractions of a penny and pack millions in a microscopic area.28

This ability in combination with recent research on ionic and
molecular sensing with eld effect transistors has created
a pathway to incorporate semiconductor devices in bio-sensing
applications.29 The use of inexpensive and highly dense tran-
sistor chips has already demonstrated that can minimize the
cost and size of DNA sequencing tools30 or point-of-care
devices,31 and similar approaches will yield novel biosensing
systems for food safety. In this paper, we describe the parallel
detection of foodborne pathogens through LAMP reactions
detected with a dense dual-gated biological eld effect transistor
(DG-BioFET) array of 1024�1024 sensors distributed in 7 � 7
mm2. Fig. 1(a) shows the DG-BioFET array divided in several
independent micro-chambers. Each chamber is dened by
anisotropically etched gold-coated silicon wells that are bonded
to the sensing area with a PDMS layer. The gold-coated silicon
acts both as the connement element, to create independent
reactions in our limited area, and a pseudo-reference electrode
to bias the electrolyte and gate the transistors. With this setup,
BioFETs monitor up to 30 independent 250 nL reactions elec-
trically recognizing pH changes triggered by LAMP reactions that
target specic genes determined by dehydrated primers.32 When
the dehydrated primers match the template in solution, the
incorporation of nucleotides during LAMP releases hydrogen
ions and changes the solution's acidity. Therefore, the pH of the
solution can be monitored to detect the amplication reaction.
This ‘pH-LAMP’ reactions provide a potentiometric and label-
free detection of the amplication reaction that is ideally
suited for miniaturized systems.33 In each reaction chamber we
RSC Adv., 2016, 6, 103872–103887 | 103873



Fig. 1 Photograph and detection assay schematics. (a) Photograph of
the assembled sensor highlighting the semiconductor chip, goal-
coated reaction chambers, and connections to PCB. (b) Brief
description of the pathogen detection protocol with: (i) primer
dehydration and sample injection, (ii) primer resuspension and
annealing to target sequence, (iii) DNA amplification, and (iv) electrical
detection of pH changes.
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perform miniaturized detection assays, previously developed
and conrmed,34,35 in a simple protocol that is briey summa-
rized in the schematic of Fig. 1(b). In the following sections we
describe our experimental setup and protocol, present charac-
terization results of our sensing platform, and demonstrate the
electrical detection of LAMP reactions. Even though the pH
changes related to amplication only provide small electrical
signals it is possible to obtain statistically signicant results
when data analysis techniques are used to improve the signal-to-
noise ratio. Our unique platform, with over a million BioFET
sensors, allows us to utilize redundancy, elimination, and
subtraction techniques to clear the recorded signal, improve our
quantication, and statistically demonstrate the ability of the
BioFETs to detect the ions released from LAMP reactions without
the added reagents or labeling agents. Finally, we employ these
different methods to show the parallel electrical detection of
Escherichia coli O157 and Salmonella typhimurium. Using the
assays previously developed by Ge et al. in conjunction with our
DG-BioFET platform and data analysis techniques, we demon-
strate specic on-chip electrical detection of LAMP reactions and
evaluate the system's limit of detection.

Experimental section
Dual-gate BioFET array fabrication

The DG-BioFET array is fabricated in collaboration with Taiwan
Semiconductor Manufacturing Company (TSMC) with a CMOS
compatible process that has been described earlier.36 Briey,
the process starts with the fabrication of standard metal–oxide–
semiconductor (MOS) devices in a silicon-on-insulator (SOI)
wafer. The device layer of the SOI is then bonded to a carrier
wafer and the SOI's bulk silicon its CMP etched revealing the
buried oxide. A lithography and dry-etch step is then used to
selectively remove the buried oxide from sensing areas and
103874 | RSC Adv., 2016, 6, 103872–103887
a hafnium oxide layer is deposited to act as the gate dielectric of
DG-BioFETs. Hence, the BioFETs have a bottom MOS gate and
a high-k uid gate. A schematic cross-section of one DG-BioFET
sensor is presented in Fig. S1.† In addition, the layout of initial
MOS devices includes decoding circuits for row and column
addressing enabling the serial read-out of all the sensor's drain
current. The nalized chip is mounted in a 256 pin printed
circuit board (PCB) with wire-bonds connecting the chip contact
pads to the PCB.
Gold-coated chambers to bias micro-droplets in the array

In order to monitor multiple isolated reactions in our BioFET
array it is necessary to have a method to electrically bias each
micro-droplet. A common strategy is to create on-chip pseudo-
reference electrodes that are patterned on the array.37,38 We
attempted to use this approach for droplet biasing and
patterned gold electrodes in our sensing area. An image of the
chip with patterned gold pseudo-reference electrodes is pre-
sented in Fig. S2(a).† However, this approach has three impor-
tant drawbacks that motivated our search for alternative
methods. First, the fabrication of these electrodes in our
foundry fabricated chips is complex and expensive. The depo-
sition of precious metals on the device has to be carried out
outside the production line and it requires multiple exchanges
between vendors before the device is wire-bonded signicantly
adding cost and fabrication time. Second, the li-off process
affects the transconductance of the devices. In Fig. S2(b)† we
present a drain current heat-map of the array with on-chip
electrodes when biased with the uid-gate. It shows low
currents in the exposed devices, suggesting lower response to
surface potential changes and a consequent lower sensitivity.
Finally, placing droplets on the array was challenging with on-
chip electrodes. Positioning droplets on a at surface with
electrodes requires a very precise spotting system, limits the
volume of each reaction, and reduces the density of reactions.
In addition, the hydrophilicity ratios between metal and oxide
complicates droplet placement in the sensing BioFETs. As it is
shown in Fig. S2(c),† the reaction droplets tend to align with the
metal electrodes reducing the sensors that are directly moni-
toring the reaction. Therefore, aer discarding on-chip elec-
trodes as a method of droplet biasing, we found a simple
solution in the gold-coated micro-chambers. Gold-coated
chambers partition the BioFET array and create multiple wells
for parallel LAMP detection while creating a single node
pseudo-reference electrode. These chambers can be bonded to
the chip aer wire-bonding, do not affect the device perfor-
mance, enables reactions with larger volumes, and simplify the
droplets placement.

The fabrication of the gold-coated chambers is done with
a standard silicon wafer (University Wafers, Boston, MA) that is
thinned down with cycles of oxidation and hydrouoric etch to
achieve a thickness of �200 mm. The wafer is le with 80 nm of
silicon oxide to create a hard mask, done with standard SPR220
photolithography (MicroChem, Westboroguh, MA) and 10 : 1
BOE etch (Avantor, Center Valley, PA), which denes the silicon
that will be etched to form the micro-chambers. Silicon not
This journal is © The Royal Society of Chemistry 2016



Table 1 LAMP primers used in this study targeting eae gene for the
detection of E. coli O157 and invA for the detection of S. typhi

Target gene Primer sequence Source

eae F3 TGACTAAAATGTCCCCGG 34
B3 CGTTCCATAATGTTGTAACCAG
FIP GAAGCTGGCTACCGAGACTC-
CCAAAAGCAACATGACCGA
BIP GCGATCTCTGAACGGCGATT-
CCTGCAACTGTGACGAAG
LF GCCGCATAATTTAATGCCTTGTCA
LB ACGCGAAAGATACCGCTCT

invA F3 CGGCCCGATTTTCTCTGG 35
B3 CGGCAATAGCGTCACCTT
FIP GCGCGGCATCCGCATCAATA-
TGCCCGGTAAACAGATGAGT
BIP GCGAACGGCGAAGCGTACTG-
TCGCACCGTCAAAGGAAC
LF GGCCTTCAAATCGGCATCAAT
LB GAAAGGGAAAGCCAGCTTTACG
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protected by the SiO2 mask is anisotropically carved through the
wafer in a 1 : 1 TMAH (Sigma-Aldrich, St. Louis, MO) bath for
36 h at 80 �C, creating an array of chambers. Aer TMAH
etching, 20 nm of Ti and 80 nm of Au are deposited on the wafer
with an E-beam evaporator (CHA Industries, Freemont, CA).
With this metallic coating, the wells are not only the conne-
ment element of the reaction but will also be a pseudo-reference
electrode.39–41 Finally, a layer of uncured Sylgard PDMS (Dow
Corning, Midland, MI) is spin coated in the back of diced gold-
coated chips that are then bonded to the 7 � 7 mm2 DG-BioFET
sensing area and baked at 60 �C for 3 h. The resulting sensing
chip is presented in Fig. 1(a).

Testing setup

The assembled chip is connected to a customized PCB with a 256
PGA socket that sets inputs and outputs connections with a PXI
logic IC tester (OpenATE, Hsinchu, Taiwan). The IC tester excites
the decoding circuit to select sensors, sets biasing conditions for
FET operation, and records the output of a trans-impedance
amplier that magnies the BioFETs drain current. The process
is coordinated with custom-built soware that outputs a 2D array
of the recorded currents. In addition, the circuitry in the testing
setup is designed to have an external contact with the uid-gate
biasing voltage. This node is directed to a micromanipulator
probe (Micromanipulator, Carson City, NV) that is put in contact
with the deposited gold on the silicon wells to bias the electro-
lytes of all the reaction chambers with a single uid-gate voltage.
All elements of the measurement setup are shown in Fig. S3.†

pH sensitivity measurements

The pH of 10 mM phosphate buffered saline (PBS) is modied
by diluting hydrochloric acid and sodium hydroxide until
a desired pH calibration value is obtained. Solutions are
adjusted with an Orion 3 start pH meter (Thermo Scientic,
Pittsburgh, PA) and injected into the reaction chambers with
a micro-injector IM-300 (Narishige Scientic Instrument Lab.,
Tokyo, JP). With the droplets of the calibration pH solution
inside the micro-chambers, the chip is connected to the testing
station, the gold is biased to the desired uid-gate potential
with the micromanipulator, and the drain current of each Bio-
FET in the array is recorded. Subsequent measurements are
obtained by swapping the PBS solution for one with a different
pH. Electrolyte acidity induced current changes are correlated
with surface charge in the hafnium oxide layer indicating the
surface potential sensitivity to pH changes.

LAMP reaction

LAMP protocols and primers for the detection of pathogenic
genes of E. coli and S. typhi are taken from prior publications by
Ge et al.34,35 For the on-chip operation the amplication assay is
divided in 3 different stages: chip preparation, electrical
proling prior to the reaction, and measurements aer the
reaction. In the chip preparation stage, 30 nL of primer mix for
the selected pathogen is dispensed and air-dried inside the
micro-chambers. The sequences of LAMP primers for the
amplication of eae (E. coli) and invA (S. typhi) are specied in
This journal is © The Royal Society of Chemistry 2016
Table 1. They are prepared from customized oligos (iDT DNA,
Coralville, IA) at concentrations of 19 mM for FIP/BIP pair, 9.6
mM for loop primers LF/LB, and 2.4 mM for F3/B3. Aer the
primers are dehydrated, a primer-less LAMP reaction mix,
which has been optimized to trigger pH changes,38 is injected in
all the reaction chambers. The LAMP reaction mix consisted of
0.1� Isothermal amplication buffer, 1.3 mM of dNTP mix,
5 mM of magnesium sulfate, 6 units of Warmstart Bst 2.0
polymerase (all four from New England Biolobs, Ipswich, MA),
800 mM Betaine, 55 mM KCl (both from Sigma-Aldrich), 1�
EvaGreen (Biotium, Hayward, CA), and template DNA. The DNA
is extracted from bacterial cultures, E. coli O157:H7 in brain-
heart infusion medium or S. typhi in Lysogeny broth (Fisher
Scientic, Pittsburgh, PA), and growth overnight in a 34 �C
incubator. For DNA extraction, bacterial cells in media are
centrifuged at 8600 rcf for 3 min and re-suspended in DI water,
lysed at 95 �C for 15 min, and centrifuged again (12 500 rcf for
10 min) to remove cell debris, leaving template DNA in the
supernatant. With this protocol, the extracted DNA concentra-
tions from carrying capacity cultures of E. coli and S. typhi are
estimated at 85.1 � 4.7 and 35.9 � 7.1 ng mL�1. The ND-1000
spectrophotometer (NanoDrop, Wilmington, DE) results are
presented in Fig. S4.†

In the second stage of the detection protocol, the primer-less
LAMP solution is microinjected in the reaction chambers and
immediately covered with mineral oil to prevent evaporation
during the heating stages. Aer injection, the uorescence
intensity of the reaction chambers is obtained with a Nikon
Eclipse FN-1 microscope (Nikon Instruments Inc. Melville, NY)
and electrical characteristics of BioFETs are obtained with the
IC tester, obtaining optical and electrical measurements prior
the amplication reactions. The chip is then taken to an oven at
60 �C to trigger LAMP reactions.

Finally, aer the chip is heated up in a convection Isotemp
oven (Fisher Scientic) to 60 �C for 60 min, the uorescence
intensity and electrical characteristics are measured again.
Differences between before/aer states and differential signals
RSC Adv., 2016, 6, 103872–103887 | 103875
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against negative controls will reveal DNA amplication prod-
ucts in chambers where the primer set, dehydrated in the
preparation stage, nds a matching template. Therefore, posi-
tive reactions will indicate the presence of the target pathogen
in the sample. The amplication and measurement steps are
briey described in the schematic of Fig. 1(b).

The uorescence images acquired of the micro-chambers
before and aer the reaction are analyzed with ImageJ. Drop-
lets expand and change shape during the reaction due to
byproducts, such as pyrophosphates, that turn hydrophobic
into hydrophilic areas. Therefore, the ImageJ analysis is done in
a central area of each droplet and images are concatenated to
measure the same area of the droplet to compare the uores-
cence intensity of a specic area. Mean gray values and inte-
grated density measurements are used to evaluate the
uorescence intensity of each droplet, having at least ve
regions are measured and averaged. As it is usual in qLAMP
assays, increments in uorescence intensity will be related to
the amplication of dsDNA due to the Evagreen in solution that
binds to the formed dsDNA.
Data analysis and ltering techniques

For every drain current measurement each sensor in the array is
interrogated 5 times. The reported value is the average of the 5
measurements and the standard deviation is considered
experimental noise. This drain current information allows the
computation of FET sensitivity and resolution. The pH sensi-
tivity is obtained with the linear regression of the drain current
to pH function and surface potential sensitivity can be obtained
by correlating current response to equivalent threshold voltage
changes via the sensor's trans-conductance [SIds ¼ gm � SVg

].42

The resolution is estimated by dividing the measured experi-
mental noise with the recorded sensitivity [pHmin ¼ s/S].37 This
ratio would indicate the minimum pH change that is electrically
detectable with a particular FET.

The LAMP assays are optically and electrically monitored.
The inclusion of EVA green into the reaction mix enables the
standard uorescent conrmation of DNA amplication prod-
ucts typically used for qPCR, while pH changes related to
nucleotide incorporation are electrically monitored with the
BioFETs. Increments in the uorescence intensity are related to
a greater concentration of dsDNA and reect successful ampli-
cation of the target gene. Fluorescence images of the chip are
analyzed using ImageJ (http://www.rsb.info.nih.gov/ij/) to esti-
mate intensity with mean grey values. Increments in the
recorded mean grey value indicate successful replication of
target DNA and are computed as relative uorescence changes.
In addition, the results section presents differential images that
result from the subtraction of before and aer pictures. This
subtraction is performed with the image calculator tools of
ImageJ to highlight intensity differences caused by amplied
dsDNA. These uorescence images are controls for electrical
measurements of DNA amplication reactions. LAMP-triggered
pH changes are observed by comparing the measured drain
current in monitoring DG-BioFETs before and aer the reaction
takes place inside the micro-chambers. Matlab scripts let the
103876 | RSC Adv., 2016, 6, 103872–103887
user select the micro-chamber to be analyzed, create histo-
grams, and obtain other statistical metrics of the recorded
current in the selected chamber. For a pixel-normalized evalu-
ation, the drain current matrices before and aer the reaction
are subtracted creating a differential matrix that describe
current and potential changes that occurred during
amplication.

It will be discussed in the results section how acquired
electrical measurements do not have signicant signal-to-noise
ratio. However, given that thousands of DG-BioFETs are moni-
toring a single reaction, the collected drain current data sets can
be ltered with two techniques to improve the quality of the
recorded signals. First, the pH resolution of DG-BioFETs is used
as the performance metric to accept or reject individual
sensors.43 FETs with poor sensitivity or large noise can be
identied with a resolution metric that is used to discard
underperforming devices in the array and improve the quality of
the collected data. Second, the Grubbs test and its iterative form
of the Extreme Studentized Test (ESD) is used to detect and
eliminate elements outside the expected normal distribution
with a technique that has been previously used to lter data
from sensor arrays or networks.44,45 The collected data is ltered
with algorithms that discard points outside the drain current
normal distribution to enhance differences between current
distributions in the reaction chambers and obtain clear signals
of amplication. End-point LAMP reactions have a binary
distribution of amplication vs. no-amplication, but the
measurements collected from sensors have a highly normal
distribution that can be subject to ESD elimination tests. The
performance lter is set to have a threshold of maximum
resolution of 0.5 pH units while the ESD test is done with
probability threshold ‘a’ of 0.05 and a maximum number of
iterations ‘r’ equivalent to half of the total number of points in
the data set (N/2).

Results and discussion
Chip electrical characterization

Fig. 2 presents transfer characteristics for uid and bottom
gates of DG-BioFETs in the sensing array. It presents typical FET
I–V curves, a 3D map of measured drain currents as a function
of gate voltage, and drain current color coded maps of the
1024�1024 array. Fig. 2(a) shows how the full array responds to
changes in the bottom gate potential while Fig. 2(d) shows that
only sensors in the bottom of the reaction chambers respond to
the uid-gate bias that is established with the gold-coated
silicon. The gold-coated wells signicantly simplify electrolyte
biasing inside the wells. Instead of having on-chip micro-
reference electrodes for each well that can be difficult to
pattern and connect or long electrodes without wells in contact
with each droplet, a single node references all wells in the array
simplifying the cost and operation of the experimental setup.
Our attempts to use on-chip electrodes demonstrated that this
strategy is expensive, diminish the performance of the devices,
and reduces de volume and density of reactions (Fig. S2†).
Hence, the gold-coated wells provide a simple solution to micro-
droplet referencing in our array while conning the reaction. A
This journal is © The Royal Society of Chemistry 2016



Fig. 2 Electrical characterization of the DG-BioFET array with gold-coated micro-chambers. (a) 3D plot showing the drain current as a function
of the bottom gate bias. (b) Color coded map of the drain current in the array with VBG ¼ 0.8 V. (c) I–V transfer curve for the bottom gate. (d) 3D
plot of the drain current as a function of the fluid-gate potential applied with the gold pseudo-reference electrode. (e) Color codedmap of drain
current in the array with VFG ¼ 2.6 V. (f) I–V transfer curve for the fluid-gate.
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different perspective of the DG-BioFET electrical performance
with the gold-coated chambers bonded to the sensing area is
presented in the heat-maps of Fig. 2(b) and (e) that color code
the current in each sensor. In Fig. 2(b) the position of reaction
chambers has a correlation to the measured drain current
controlled by the bottom gate. Even though the bottom gate is at
the other side of the active silicon (Fig. S1†) charge coupling
between gates in DG-BioFETs explain sensitivity of the bottom
gate to elements in the surface. However this effect has no
signicant inuence on pH monitoring and does not affect the
electrical detection of LAMP reactions.46 This same panel shows
a diagonal (from top le to bottom right) of FETs with zero
current that is used to assure the correct operation of the array's
decoding circuit. Fig. 2(e) on the other hand presents a clear
shape of each reaction chamber's bottom (the irregular shapes
are related to PDMS reow during the bonding step). Only
BioFETs exposed to the electrolyte are affected by the uid-gate
potential resulting in the sectioned heat map with most of the
transistors in the array having negligible current. Sensors with
zero current are under the PDMS bonding layer and do not feel
the uid potential. Finally, Fig. 2(c) and (f) present standard IDS–
VG plots for the bottom and uid gates. These are typical FET
transfer curves that show how the bottom gate has a lower
threshold voltage and also an apparent current saturation with
large VBG. Lower and more uniform bottom gate threshold
voltages have been reported for similar devices due to better
This journal is © The Royal Society of Chemistry 2016
control of the fabrication processes in the MOS gates.36 Also, the
drain current saturation (and the resulting lack of linearity in
the bottom gate transfer curve) is caused by protection circuits
in the PXI reading card that truncate high currents. The full
sequence of heat maps for the multiple biasing conditions of
Fig. 2 are presented in Fig. S5.†
pH sensitivity

More acidic electrolytes cause the protonation of the hafnium
oxide layer, increasing the surface potential, and in conse-
quence augmenting the NMOS transistor drain current. That
trend is observed in Fig. 3(a) that shows how IDS decreases with
pH increments. Data presented in Fig. 3(a) is the average of all
the transistors that are exposed to uid in the array and the
error bars represent the standard deviations across all the
devices. This error reects spatial variations across the chip that
can be reduced by normalizing measurements of individual
sensors. An independent transistor pH sensitivity analysis is
presented in Fig. 3(b) that shows a color coded map of the
surface potential as a function of pH. A similar plot is presented
in Fig. 3(d) that presents the sensor estimated resolution that
relates sensitivity and noise for each device. Sensors that are not
in contact with uid, and therefore not affected by the uid-
gate, have no sensitivity to pH changes and therefore an inn-
ite resolution that is truncated at value of 1 for visualization
RSC Adv., 2016, 6, 103872–103887 | 103877



Fig. 3 pH sensitivity of DG-BioFET array. (a) Drain current as a function
of electrolyte pH. (b) Color coded map of individual BioFET pH
sensitivity. (c) Distribution of pH sensitivities. (d) Color coded map of
resolution for each BioFET sensor. (e) Distribution of pH resolutions.

Fig. 4 Parallel pH measurements on the DG-BioFET array. (a) Color
coded current map of the fluid-gate biased BioFET array with elec-
trolytes of different pH in the micro-chambers and grouped in rows.
(b) Quantification of drain current as a function of the electrolyte's pH
in the micro-chambers.
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purposes. Histograms of both sensitivity and resolution of
sensing BioFETs are presented in Fig. 3(c) and (e). The sensi-
tivity histogram shows a normal distribution slightly skewed to
the le with a mean sensitivity of 32 � 4.9 mV pH�1. This
distribution is skewed because some sensors have a decreased
response due to variable conditions in the sensing layer but
have a rigid upper limit set by the Nernst relation. The
measured sensitivity is far from the ideal Nernst limit but this
low response is caused by the variable potential induced in the
gold–electrolyte interface that is used as pseudo-reference
electrode. Unlike standard Ag/AgCl reference electrodes, the
gold surface has a small but signicant reactivity to bulk pH
changes that will decrease the FET sensitivity.37 On the other
hand, the resolution mean is of 0.51 � 0.13 pH units with
a normal distribution this time skewed to the right. This
behavior is explained by the inverse relation between sensitivity
and resolution that translates poor sensitivities into a high pH
resolution.

Sensitivity and resolution in the array have coefficients of
variation of 13% and 24% respectively. Even though these
variations are signicant, they do not affect the outcome of the
amplication detection. First, the amplitude of the expected
signals is larger from the variations between sensors. Second,
the DG-BioFET platform enables a normalized pixel-to-pixel
analysis precluding any false reading due to variations. Third,
as it will be discussed in a later section, the analysis of the
reaction is done with ltering techniques of the million
different data points collected, allowing the elimination of
outlying elements that cause the high variations.
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Detection of pH changes in the DG-BioFET array is demon-
strated in Fig. 4 that shows a drain current map of the array
when chambers grouped in rows have different pH values. From
top to bottom rows in the array, increasing pH values are
correlated with lower currents. Quantication of the drain
current recorded for each group of wells is presented in Fig. 4(b)
and their current distributions are shown in Fig. S6.† The drain
current to pH relationship shows a similar slope to the one
obtained for the full chip experiments of Fig. 3 with a linear
regression that indicates a pH sensitivity of �2 mA pH�1. Error
bars in Fig. 4(b) represent variations between the thousands of
DG-BioFETs in each group of chambers. These results demon-
strate that it is possible to identify electrolytes of different pH
value within the array by tracking the associated drain current
of sensors in each chamber and biasing simultaneously with
the gold-coated chambers. The ability to monitor the pH in each
micro-chamber with the FET array will be used to detect the
DNA amplication reactions.
Detection of LAMP reactions on DG-BioFET platform

We divided chambers in the array in positive and negative
LAMP assays to test the electrical detection of the reaction. To
evaluate the ability of the DG-BioFET array to detect the proton
byproducts originated from LAMP reactions, chambers in the
top half have full reactions while chambers in the bottom half
have reactions without template DNA. No amplication and no
pH change is expected from control chambers without template
(negatives) while amplication is anticipated in the chambers
with full (positive) reactions. Fig. 5 shows uorescence and
drain current measurements before and aer the amplication
reaction of E. coli's eae gene with a template concentration of
85 ng mL�1. Fluorescence increments are used as optical
conrmation of DNA amplication by including intercalating
dyes in the reaction mix. These reporters will bind to dsDNA
and increase its uorescence output47 but do not affect the
electrical measurement because they are outside the electro-
lyte's Debye length. The LAMP reactions are conducted in
a reaction mix with an estimated equivalent salt concentration
of 100 mM that has a Debye length of less than 1 nm.48 While
ions in solution are capable of interacting directly with the
sensing layer, larger molecules outside the Debye length
This journal is © The Royal Society of Chemistry 2016



Fig. 5 Optical and electrical measurements before and after DNA amplification in a chip of 36 wells with positive and negative reactions. (a)
Fluorescence image before DNA amplification, grouping positive and negative chambers. (b) Fluorescence image after the reaction. (c) Fluo-
rescence intensity quantification for positive and negative samples. (d) Drain current map before DNA amplification. (e) Drain Current map after
the amplification reaction. (f) Quantification of drain current measurements for FETs monitoring positive and negative reactions.
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(including the uorophores used for uorescent conrmation)
will not affect the BioFET response. In addition, other mole-
cules present in solution that could be within the Debye length
of the electrolyte, such as free dNTPs or buffering agents, do not
have a net charge and therefore do not affect the surface
potential of the BioFET. Without a net charge, non-specic
absorption of other biomolecules has a negligible effect over
the threshold voltage and hence no related current changes.

The chip status before the amplication occurs is reported in
Fig. 5(a) and (d). Fig. 5(a) shows the uorescence image of the
full array before the reaction has taken place, with 36 chambers
prepared with methods described previously. It also delineates
the division between positive and negative samples. Even before
the amplication takes place there are small differences
between the uorescence output of positive and negative reac-
tions. These differences result from the DNA template that is
present in the positive samples but has been replaced with
water in the negative wells. The same array is also presented in
Fig. 5(d), which instead of optical information shows the drain
current of sensors in the bottom of the reaction chambers.
Fig. 5(d) also shows the division between positive and negative
samples but this electrical map is missing one row of negative
reactions that are outside the DG-BioFET sensing area. Uncured
PDMS between gold-coated chambers and the DG-BioFET array
creates a good seal to hold the reactions during amplication
but requires a difficult single attempt alignment because PDMS
This journal is © The Royal Society of Chemistry 2016
residues compromise the FET sensitivity once it touches the
sensing area. Misalignments during the bonding process can
leave chambers outside the sensing region reducing the
number of chambers monitored by transistors.

The post-reaction measurements, presented in Fig. 5(b) and
(e), were taken aer the chip is heated for 60 min at 60 �C. The
uorescence image aer amplication shows intensity incre-
ments for the positive samples and a lower intensity in negative
samples. Multiplied dsDNA in positive reactions increase the
number of binding points for the intercalating dye increasing
the uorescence output, while lack of amplication and partial
photo-bleach of uorescent molecules result in lower intensi-
ties in negative chambers. Even though we take great precau-
tions to prevent photo-bleaching of the dye, the on-chip
amplication protocol forces us to expose the droplets to
microscope light when micro-injection capillaries or biasing
micro-manipulator are aligned with the gold wells. Light expo-
sure, in conjunction with the metallic surface, bleaches the
uorescent molecules and reduce their output in wells without
amplication. Additionally, droplets in the micro-chambers
change shape and have variable intensities aer the reaction.
These are effects of the amplication process that expand
droplets, coat the surface of the chamber with byproducts,
changing the interaction between the solution and the surface
of the dielectric and the pseudo-reference electrode. However,
the effects of slight differences in the starting uorescence and
RSC Adv., 2016, 6, 103872–103887 | 103879
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partial photo-bleach during amplication do not affect the
amplication assessment. The amplication is observed as
differences in the recorded uorescence. Then, the discrete (per
well) analysis will still accurately demonstrate the replication of
DNA and serves as conrmation of the electrical assessment
presented in Fig. 5(e). The ‘aer’ electrical measurement reveals
that in both positive and negative samples the drain current
increased. However, increments in the positive chambers are
higher by �1.8 mA when compared to the ones in the negative
samples. This differential analysis indicates that despite
general variations across the chip related to dri and common
noise, the sensors are detecting changes caused by the DNA
amplication reactions.

The reported reaction time of 60 min may be adjusted as
a function of the pathogen concentration. Assays that target
a lower limit of detection may select longer amplication times
while assays were the suspected pathogen is in high concen-
trations may reduce the amplication time. This amplication
time is the limiting factor in the overall analysis time. The
testing setup collects the electrical measurement in around 90 s
and the reaction setup varies between 5–10 min. Therefore the
overall time to detection is dominated by the reaction time.
However, a full sample-to-result time estimation may also
require the consideration of enrichment, concentration, or
other sample preparation stages that could dominate the overall
analysis time length.

Comparative uorescence and electrical quantication are
presented in Fig. 5(c) and (f). Insets in these panels quantify
differential signals obtained from the two groups also
describing the P-value signicance level. Whereas the uores-
cence increment in positive reaction chambers clearly differ-
entiates amplication, the signal is more obscure in the
electrical measurements where standard deviations are higher
and means are closer. To have objective analysis of the output
we performed t-tests of the two data sets to evaluate differences.
The uorescence signal between positive and negative reactions
is clear, with a P value lower than 0.0001. However, the t-test of
the electrical measurements results in a P value of 0.17 and
therefore not statistically signicant differences.

From the positive and negative assays, we demonstrate two
important features of the electrical monitoring of the LAMP
reactions. First, all the BioFET sensors, including those in
reactions chambers with no amplication, presented current
changes. This is the result of transistor dri, change in elec-
trolyte referencing conditions, and common potentiometric
changes during the reaction.49 The common noise affecting all
devices will require differential measurements that subtract the
variations from control FETs. For example, unintended elec-
trical signals resulting from non-specic absorption of
biomolecules would be eliminated in the differential measure-
ment that subtract these sources of common noise. Second, the
current of DG-BioFETs monitoring a single reaction has high
variability. The distributions of threshold voltages, pH sensi-
tivities, and defects in the sensing membrane have an impor-
tant effect over the measured drain current. To address those
variations, we can use redundant measurements from the
thousands of transistors available in our platform to obtain the
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highest possible signal-to-noise ratio for a robust differentia-
tion of the LAMP byproducts. The employment of ltering
techniques that detect and discard sensors with abnormal
behaviors or the use of multiple sensors to reduce the standard
deviation of a measurement, are techniques used in the past to
reduce noise and facilitate the detection of LAMP-related
signals. Both of these issues, common noise and measure-
ment variations can be addressed with our 1024�1024 array.
With a million devices and multiple reaction chambers we are
able to dedicate chambers for negative controls for the rejection
of common noise and dri. Also, in each chamber an average of
3500 sensors monitor the reaction. The large number of sensors
allows the incorporation of the redundancy and ltering tech-
niques that are required to improve the signal-to-noise ratio and
enable statistically signicant differentiation between positive
and negative samples.
Performance and statistical ltering techniques

While the differential measurements are easy to perform, by
simply subtracting the signal from negative controls to the
sensing devices, the reduction of the measurement standard
deviation is more challenging. In this section we present two
methods that allowed us to improve the distributions of the
recorded measurement to obtain statistically significant differ-
ences between positive and negative electrical measurements.

The rst ltering approach targets to eliminate sensors that
are not performing correctly. Our fabrication processes are in
an experimental stage and certain steps, in particular the
hafnium oxide deposition, have tolerances that will affect the
device performance. Then, a resolution-based lter is used to
reject sensors with poor response to pH or large noise. The
calculated resolution combines the pH sensitivity and stability
of the DG-BioFET creating a comprehensive evaluation
parameter. Fig. 6(a) shows the DG-BioFET drain current
difference matrix, calculated by subtracting aer and before
measurements of the experiment presented in Fig. 5. The
sequence of images in Fig. 6(c) zooms at a reaction chamber
and presents the same difference map but with pink pixels
representing rejected BioFETs that have a poor resolution
above a dened threshold. Plots of the rejected sensors in the
full array are presented in Fig. S7.† Maps in Fig. 6(c) and S7†
show that most of the sensors monitoring reactions in the array
have a resolution better than 0.5, however as the performance
metric is stricter (0.4 to 0.1 pHmin) the number of accepted
sensors decreases and a resolution threshold of 0.1 would
discard �98% of the DG-BioFETs. The discarded sensors tend
to be clustered in specic regions of the array. As it can be
inferred from Fig. 3(d) and S7,† most of the discarded sensors
in this experiment where located in the le of the array. This
indicates that there is a correlation between the sensor
performance and its position, suggesting spatial fabrication
variations in the sensing membrane or the reading circuitry.
The relation between the selected resolution threshold and the
number of accepted sensors monitoring the reaction is pre-
sented in Fig. 6(b), which summarizes our rst ltering tech-
nique based on individual sensor performance.
This journal is © The Royal Society of Chemistry 2016



Fig. 6 Resolution based performance filtering. (a) Differential drain
current matrix (after–before reaction) for negative and positive reac-
tions. (b) Number of transistors with acceptable resolution as a func-
tion of the resolution threshold. (c) Sequence of eliminated FETs
(rejected shown in pink) inside a reaction chamber as a function of
a maximum threshold.

Fig. 7 Flow diagram of the ESD algorithm to detect and discard
elements outside the normal distribution of the drain current
measurements.

Fig. 8 Results of ESD elimination on electrical measurements of
positive and negative reactions. (a) Full collected drain current data (b)
ESD filtered drain current data. (c) Current differential distributions for
positive and negative samples before after d ESD test.
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A second ltering strategy uses statistical analysis to detect
abnormal elements. The Grubbs test is an algorithm that is
used evaluate whether or not a data point falls out of a normal
distribution.45 It involves the identication of elements
maximum distance to the mean, an estimation of a related t-
distribution, and evaluation of a critical value that takes into
account a user-dened rejection probability. The same process
can be iterated over a data set with the extreme studentized
deviate (ESD) test, eliminating unrepresentative elements in the
array that fall outside the expected normal distribution. It is
possible to use this elimination algorithm to our measurements
because even though end-point LAMP provides a binary distri-
bution (amplication vs. no amplication), the elimination of
points is applied to the drain current measurements from the
BioFETs which have a highly normal distribution. The elimi-
nation process is described in Fig. 7, which summarizes the
outlier detection and elimination process in a ow diagram. To
demonstrate the effect of applying the ESD technique into
a recorded drain current data set, Fig. 8(a) and (b) present
original and ESD ltered drain current distributions. The full
data set in Fig. 8(a) presents a normal distribution skewed to
lower current. Aer applying the ESD algorithm with a ¼ 0.05
and r ¼ N/2, the current distribution is changed to the one
presented in Fig. 8(b). Under those parameters around 20% of
the sensors (8000 out of original 45 000) are discarded because
they have a current value outside the expected normal distri-
bution. This process statistically reduces variability (the stan-
dard deviation of the distribution is reduced by half) facilitating
the identication of signals that are related by the DNA ampli-
cation reaction. The effect of the ESD technique on our
amplication analysis is presented in Fig. 8(c) that shows the
current differentials in positive and negative wells. The error
bars in this plot represent the standard deviation between all
sensors in each group. Before the ESD algorithm is applied to
the collected data, large standard deviations resulting in non-
This journal is © The Royal Society of Chemistry 2016
statistically signicant differences between the two groups.
However, aer the data is ltered with the described algorithms
that identify and eliminate measurements outside the normal
distribution, the standard deviations of the measurements
decrease and the t-test analysis conrm that the pH changes
triggered by the amplication reaction create a signicant
RSC Adv., 2016, 6, 103872–103887 | 103881
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electrical signal in the transistors that monitor the positive
reactions. By ltering data from BioFETs we have reduced the P
value from 0.17 to 0.03 conrming quantitatively that the elec-
trical current of LAMP positive and LAMP negative measure-
ments are different.

The redundancy that provides our 1024�1024 DG-BioFET
array in combination with performance and statistical lters
results in enhanced pH sensing of amplication reactions in
the chambers with an improved signal-to-noise ratio. The use of
the described techniques results in narrower distributions with
clear signals recovered from a noisy environment inherent to
the BioFET sensors and the amplication protocols. These
statistical processes can be easily performed with minimal
computing power and could be incorporated into the standard
detection protocols. Leveraging the massive parallelism of the
DG-BioFET array to clearly identify electrical signals caused by
biochemical events is a viable alternative to deal with noisy
environments. The large number of devices in our array has
enabled us to apply statistical analysis that result in robust
quantitative conclusions not possible with smaller BioFET
platforms.
Parallel detection of foodborne pathogens

Using the techniques described in previous sections (primer
dehydration, electrical monitoring of the DG-BioFET current,
and data ltering), we have performed assays that show the
ability of the DG-BioFET platform to perform a parallel detec-
tion of foodborne pathogens. Fig. 9 presents results from an
experiment where the DG-BioFET array was divided in three
regions: a control region (in the top) that had no dried primers
and it is used as reference sensors to subtract common noise in
differential measurements, a second group that was prepared
with primers to amplify the invA gene for S. typhi detection, and
a third group with primers for the amplication of the eae gene
of shiga-toxin producing E. coli (STEC). These primer sets and
reaction components that are utilized in our chip have been
previously developed and tested for different matrixes and
conditions.34,35 Our off-chip conrmations, performed in
a Mastercycler® RealPlex2 thermo-cycler (Eppendorf), are pre-
sented with the standard curves of Fig. S8 and S9.† These off-
chip results conrm the conclusions of the authors that devel-
oped the assays. The limit of detection of the LAMP assays in
pure culture can be as low as a few (1–18) CFU permL but will be
higher for more complex samples. It also conrms that there is
no non-specic amplication due to cross reactivity with other
targets or primer dimerization. Our assays achieve similar
results to the ones previously reported but the changes in
buffering conditions affect the reaction velocity, represented by
the longer threshold times that we observe for the different
concentrations.

The LAMP reaction mix, containing template 36 ng mL�1 of
DNA extracted from an overnight culture of S. typhi, was injec-
ted in all chambers aer primer dehydration. The before and
aer reaction uorescence images are summarized in Fig. 9(a)
that shows the differential uorescence quantication. The bar
plot in Fig. 9(b) evaluates increments in uorescence by
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calculating relative intensity changes and describes P-value
signicance between the three groups. Similarly, the before and
aer drain current maps are condensed in Fig. 9(c) that shows
the difference between the two electrical measurements. It is
important to note that Fig. 9(c) presents the collected electrical
data without the ltering and analysis techniques that has been
previously discussed to improve the SNR, and therefore it is not
the nal assessment. Fig. 9(d) presents the current distributions
of the raw difference data for each group of chambers, without
ltering. These current distributions show the expected bell
curves for drain current measurements but also present
a signicant portion of abnormal measurements specially
towards lower currents. Even though we observed the antici-
pated result of greater changes for the S. typhi group, because
the LAMP primers found a matching template, the large varia-
tions that are observed in our measurements results in non-
statistically signicant results between samples. The bar plot
inset in Fig. 9(d) shows that there are differences between invA
and the other two groups, but the large standard deviations
prevent quantitative comparisons. This result reveals the
importance of having methods to improve the SNR and reduce
variability. Then, Fig. 9(e) presents the same current difference
heat map of Fig. 9(c) but this time showing in pink the sensors
that are discarded with our ltering algorithms based on the
resolution performance with a threshold of 0.5 pH and the ESD
test with a ¼ 0.05 and r ¼ N/2. This heat map shows that many
of the sensors in the le of the array are outliers or under-
performing devices, indicating that there is spatial performance
distribution in our array affecting the collected measurements.
Aer discarding sensors, new current distributions for each
group are calculated and the results are presented in Fig. 9(f).
The lters discard the outlier elements, clarify the measure-
ments mean, and result in narrower distributions with lower
variations. A quantication of the ltered measurement is
presented on the inset of Fig. 9(f) that present a bar plot
quantication with signicance values. The comparison
between Fig. 9(d) and (f) clearly demonstrate the importance of
having multiple sensors monitoring the same reactions and the
utilization of ltering methods to improve the collected signal.
The large noise that is intrinsic to the FET biosensors and the
LAMP protocol prevent robust and accurate electrical
measurements of amplication with the BioFETs. However,
these variations and noise can be managed by exploiting the
large quantity of devices available in our platform to obtain
accurate measurements based on the captured drain current
distributions. In addition, the ltering methods that we have
developed allow the standardization of the measurements to
obtain statistical assessments of LAMP amplication. There-
fore, the inability to obtain statistically signicant measure-
ments without a large number of devices and ltering
techniques demonstrate the importance of robust dense
sensing platforms and statistical analysis to successfully use
FET sensors in biological assays.

The differential uorescence images of Fig. 9(a) act as a gold-
standard control and shows that only wells prepared with
primers for the amplication of the invA gene ended up with
a larger concentration of dsDNA. Only in this group of wells the
This journal is © The Royal Society of Chemistry 2016



Fig. 9 Parallel detection of foodborne pathogens in DG-BioFET array chip. (a) Differential fluorescence image (after–before amplification)
grouping reaction chambers based on the dried primer. (b) Quantification of relative fluorescence increments for each group of chambers. (c)
Differential drain current map and groups of chambers with dried primers. (d) Unfiltered drain current distributions for the sensing BioFETs in
each group of chambers. The inset bar plot quantifies mean, standard deviation, and statistical significance between data sets. (e) Differential
drain current map with discarded sensors in pink and non-sensing devices (outside the wells) in white. (f) Filtered drain current distributions for
each group of chambers. The inset bar plot shows mean, standard deviation and statistical significance between data groups.
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template (S. typhi) nds a matching primer set that triggers the
amplication reaction. On the other hand, the electrical
difference map show changes in all reaction chambers but
greater increments in chambers where amplication took place.
This indicates that LAMP-induced pH changes affect the surface
potential and the threshold voltage of the transistors of the invA
group. The current differences are clear once the distributions
are ltered with the techniques previously described. The
quantitative analysis of ltered data indicate no difference
(P value ¼ 0.27) between wells with eae primer and negative
controls, demonstrating that current changes in the wells
prepared for E. coli detection are only common noise and
not related to the amplication reaction. In comparison, the
This journal is © The Royal Society of Chemistry 2016
current from DG-BioFETs in reaction chambers with the invA
primer is signicantly different from the negative control (P
value ¼ 0.01) which indicates that the differential signal is
related to the DNA amplication reaction that was uorescently
conrmed. The difference of drain currents of approximately
2.5 mA is expected given that the pH change in positive reactions
oscillates between 0.8 and 1.2 pH units.33 Results of a similar
experiment where the injected template was not S. typhi but
E. coli are presented in Fig. S10† demonstrating the two assays
specicity and conrming the off-chip results. Additionally,
these two experiments indicate that the detection performance
is qualitative repeatable although there are differences in assay-
to-assay electrical outputs. LAMP reliably amplies DNA
RSC Adv., 2016, 6, 103872–103887 | 103883
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whenever the primer set nds a matching template, generating
the pH changes that triggers current changes in the BioFETs.
However, the magnitude of the pH and current changes does
variate between different assays. Therefore, threshold-based
analysis normally (used in assays such as qPCR) need to be
applied to the DG-BioFET platform to obviate output differences
and have detection determinations based on calibrated
thresholds. These parallel assays and the off-chip conrmations
indicate that the LAMP protocol we use on our array only
amplies DNA when the dehydrated primer group nds
a matching template. The same methods of primer dehydration
and subsequent amplication and pH monitoring with DG-
BioFETs could be expanded to crate panels of multiple rele-
vant targets in the miniaturized system, following the success-
ful trends of minimal hands-on work during detection assays.50
Sensitivity analysis

The sensitivity of the DG-BioFET array to LAMP reactions was
evaluated by titrating the concentration of DNA template ob-
tained from the bacterial cultures. For the assay presented in
Fig. 10, all chambers were prepared with a single primer set for
the detection of the eae gene of STECs. Aer the dehydration
stage, a reaction mix with known template concentration was
injected in each chamber. Chambers were grouped by rows,
Fig. 10 Sensitivity evaluation of LAMP reaction on the DG-BioFET a
concentration. (a) Differential fluorescence image (after–before amplific
concentration. (b) Quantification of fluorescence increments in each gro
monitoring reactions. (d) Post-filtering quantification of drain current ch
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having the highest concentration of 9.13 � 108 CFU per mL in
the bottom row (with an equivalent of 230 000 copies per reac-
tion or 85 ng mL�1), logarithmic dilutions in neighboring rows,
and no template for the top row that acts as negative control.
Fig. 10(a) shows the uorescence differential image that results
from subtracting ‘aer’ and ‘before’ pictures. It shows a clear
uorescence increment in all reaction chambers with the
exemption of the negative control. The relative uorescence
outputs for each group are quantied in Fig. 10(b) that show
signicant increases in the reaction chambers where ampli-
cation is expected but a small decrement in the control group.
Furthermore, Fig. 10(b) shows that the reaction is able to
replicate DNA when the template concentration is as low as 23
copies per reaction equivalent to 9 � 104 CFU per mL. Similar
results were observed in the electrical measurements. Fig. 10(c)
shows the differential drain current (aer–before the reaction),
and groups of chambers based on the concentration of the
injected template DNA. In Fig. 10(d), changes of drain current in
the BioFETs monitoring the reaction groups are quantied aer
applying the ltering strategies that have been described
previously. These bar plots show that all DG-BioFETs presented
current changes, but increments were higher in the chambers
were the amplication reaction took place. The greater current
increment in chambers with template are related to LAMP-
triggered pH changes that do not occur in the control chambers.
rray that is divided in groups of chambers with different template
ation) and groups of reaction chambers with different DNA template
up. (c) Color coded map of the drain current difference of DG-BioFETs
anges.
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The quantications presented as bar plots in Fig. 10 show
that the magnitude of end-point uorescence and drain current
signals are independent from the starting concentration. This
effect is explained by plateau stage of the amplication reac-
tions that terminates LAMP regardless of the initial concen-
tration. There are three main mechanisms behind the plateau
stage of PCR and LAMP: the reactions run out of material to
increase the number of amplicons, a very high concentration of
created dsDNA prevents proper annealing of primers, or
byproducts change the buffering conditions and impede the
normal polymerase elongation.51,52 For the case of pH-LAMP
reactions, changes in the reaction mix composition that affect
the polymerase behavior are likely to be the dominating cause
of the plateau stage. In pH LAMP, the composition of the
amplication reaction is modied by reducing the concentra-
tion of buffering agents to enhance the pH signals from the
incorporation of nucleotides. The reduction of the buffer
concentration facilitates electrical monitoring of the reaction
but limits the ability of the polymerase to continue amplica-
tion when the byproducts change the reaction mix character-
istics.38 Under nominal conditions (e.g. 65 �C, 8.8 pH) the Bst
polymerase incorporates 10 nmol of dNTP in 30 min, but if
these conditions are changed the polymerase activity decreases
and large variations will result in negligible activity causing the
amplication stagnation.53 With the minimized buffering
conditions, the reaction's pH steps out of the working range
faster than in regular reactions reaching the plateau stage due
to polymerase inactivity. In Fig. 10, the plateau effect is evident
both in the uorescence and electrical measurements. Besides
the saturation of current and uorescence signals, another
relevant result is a demonstrated electrical sensitivity of 23
copies per reaction. This limit of detection is too high for food
safety applications. Therefore, our device can only be the
sensing element of other more complex systems that are
capable of increasing the number of microorganisms in the
sample, either via growth or concentration,20 and then per-
forming the nucleic acid analysis. Additional optimization of
the reaction composition and the preparation of the chambers
with passivation agents such as silanes, can further reduce the
limit of detection to a few copies per reaction chamber by
limiting inhibitory effects present in small volumes54 but
constrains related to the volume in the reaction chambers will
require preparatory stages prior amplication to achieve the
desired LOD for food safety applications.

Conclusions

We have developed a DG-BioFET platform capable of on-chip
electrical detection of multiple LAMP reactions in parallel.
Our sensor array, which has an area of 7 � 7 mm2 and over
a million transistors, is divided in multiple independent reac-
tions that are conned with simple but novel anisotropically
etched gold-coated silicon micro-chambers. These wells act as
both a common pseudo-reference electrode and reaction
chambers, providing an effective solution to electrolyte biasing
and augmenting the density of reactions in the array. Our
characterization assays demonstrate that FET sensors have an
This journal is © The Royal Society of Chemistry 2016
average sensitivity of 32 mV pH�1 (equivalent to �2 mA pH�1)
with an estimated average resolution of 0.5 pH units. This pH
sensing ability of the BioFETs was used to detect by-products of
LAMP amplication reactions. The pH changes related to
nucleotide incorporation38 during LAMP are detected with the
transistors in the form of drain current changes. We demon-
strated how this sensing method can be complemented with
a primer dehydration technique in our array for parallel detec-
tion of multiple genes in a single assay, demonstrating the
pathway for screening assays based on BioFET devices.32 With
these techniques, thirty independent reactions were setup on
our sensing array and monitored with uorescent and electrical
methods. As it was expected, in chambers with DNA ampli-
cation (where the dried primer group nds the target gene) the
uorescence intensity and drain current increased indicating
greater concentrations of dsDNA and the generation of protons
during elongation. The electrical signals are small and obscured
by multiple noise sources, but the large quantity of individual
DG-BioFETs that monitor each reaction in our platform allowed
us to develop ltering methods to clearly identify LAMP-
triggered surface potential changes. We demonstrate how the
elimination of sensors in the array that are underperforming or
are outside the expected normal distribution will reduce the
measurement's standard deviation and create statistically
signicant differences between positive and negative samples,
reducing the P value from an average of 0.17 to 0.03. These same
methods can be applied to many Lab on a Chip assays that are
difficult to analyze given the poor SNRs in multiple electrical
biosensing platforms.

The DG-BioFET system and data analysis techniques that we
developed were used for parallel foodborne pathogen detection
experiments where S. typhi and E. coli are detected in a single
assay. A differential current of �2.5 mA between sensors moni-
toring each group of reaction chambers reveal the specic DNA
amplication reactions and also the power of arrayed reactions
that can target multiple genes and use negative references to
subtract common noise. Finally, we evaluated the sensitivity of
the platform by titrating the concentration of template DNA. It
was possible to detect concentrations of 23 copies per reaction,
which represent an equivalent to 9.13 � 104 CFU per mL, but
lower detection limits should be obtained with surface treat-
ments and optimization of the reaction conditions that
augment the efficiency of the reaction and eliminate inhibitory
effects.

The current and upcoming challenges in food safety demand
better pathogen detection tools that enhance the enforcing
ability of regulatory agencies. Tighter food quality controls and
faster outbreak reaction protocols are only possible with
contamination sensors that sustain the performance of current
methods but are portable, inexpensive, and easy to use. The
platform that we have develop is aligned with these targets and
miniaturize tools, minimize cost, and simplify detection of
biological entities through DNA amplication. By combining
sensitive molecular diagnosis techniques and semiconductor
sensors we created a robust and simple platform that can be
used for parallel bio-detection applications where screening
assays are desired creating the core of a biosensing tool.
RSC Adv., 2016, 6, 103872–103887 | 103885
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However, the success of this approach depends on novel sample
preparation techniques. Even though LAMP has demonstrated
to be more robust than other DNA amplication techniques and
it can be performed with minimal sample preparation,55 fully
integrated detection systems for foodborne pathogens will
require the incorporation of concentration,56 partitioning,57 and
mixing devices.58 Such integrated system that miniaturize and
automate all processes for pathogen detection will promote
screening tests in food samples and improve control over our
food system.
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