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Abstract
An automated point-of-care (POC) immunodetection system for immunological detection of
Staphylococcal enterotoxin B (SEB) was designed, fabricated, and tested. The system combines
several elements: (1) ELISA-Lab-on-a-chip (ELISA-LOC) with fluidics, (2) a CCD camera
detector, (3) pumps and valves for fluid delivery to the ELISA-LOC, (4) a computer interface
board, and (5) a computer for controlling the fluidics, logging and data analysis of the CCD data.
The ELISA-LOC integrates a simple microfluidics system into a miniature ninety-six well sample
plate, allowing the user to carry out immunological assays without a laboratory. The analyte is
measured in a sandwich ELISA assay format combined with a sensitive
Electrochemiluminescence (ECL) detection method. Using the POC system, SEB, a major
foodborne toxin, was detected at concentrations as low as 0.1 ng/ml. This is similar to the reported
sensitivity of conventional ELISA. The open platform with simple modular fluid delivery
automation design described here is interchangeable between detection systems and because of its
versatility it can be also used to automate many other LOC systems, simplifying LOC
development. This new point-of-care system is useful for carrying out various immunological and
other complex medical assays without a laboratory and can easily be adapted for high throughput
biological screening in remote and resource poor areas.
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Introduction
Point-of-care (POC) diagnostics devices (i.e. a diagnostic test performed near the patient
without needing a clinical lab) are generally integrated devices that do not require dedicated
laboratories and complex equipment, and are thus well suited for medical diagnostics in
remote settings with minimal medical infrastructure [1; 2; 3]. Although many detection
systems have been described over the past several years, very few have been used for
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clinical or analytical applications in resource-poor settings because of their expense and
complexity. Simple, low-cost sensors are needed to exploit the potential of the technology
and bring it into wide-scale use in developing countries.

Enzyme-linked immunosorbent assays (ELISA) [4] [5] are widely used in medical
diagnostic and research applications to detect proteins based on their binding to immobilized
antibodies. It is a very popular assay method because it is simple, low cost and many
samples can be assayed simultaneously. However, dedicated instruments are needed to
automate the assay, including robotic pipetters, plate washers, and optical colorimetric
detectors. In addition, the current standard 96-well ELISA format requires large volumes of
samples and reagents, and must be performed in a lab.

Several Lab-on-a-chip (LOC) devices have been developed in recent years as alternatives to
ELISA that are more compact and have better immunoassay performance. The LOC
technologies incorporate new detection and fluid-handling technologies and are often based
on optical-based immunodetection [6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16; 17; 18; 19].
However, other devices use alternative detection methods, including electrochemical
detection in combination with nanoparticles [20], superparamagnetic beads [21], a
microcantilever transducer combined with an impedance analyzer [22], or a micro-channel
with integrated electrodes, functionalized with antibody-coated polystyrene beads specific to
the target. The limitation of these LOC devices is that they are often relatively complex and
expensive, and few can simultaneously test as many samples as the “classical” 96-well
ELISA.

To combine the advantages of the miniaturization and sophistication of LOC detection and
the multi-sample capabilities of ELISA, a miniaturized 96-well ELISA plate requiring as
little as 5 μL of sample [23; 24; 25; 26; 27] were developed to carry out low-cost
immunodetection without a laboratory. However such devises requires manual addition of
the various assay reagents. More recently [28; 29], an ELISA-LOC which incorporates
microfluidics into a miniaturized ELISA plate to eliminate the need for manual fluid
handling. The system can be operated by syringe and can be used without electrical power
or with a battery for operation. ELISA-LOC utilizes the large surface area of carbon
nanotubes (CNT) to improve the sensitivity of ELISA assays[30], and combines such assays
with enhanced chemiluminescence (ECL) [24; 26] using detection with a CCD [31; 32].
Although simple, and suitable for resource-poor settings, the manual operation requires
several steps and is not simple to use, limiting the practical usefulness of the system.
Automation of the ELISA-LOC will make the system more practical to use.

Open platform describes a technical system which is based on open standards, such as
published and fully documented information that allows using the system to function in
other ways than the original developer intended, without requiring great modification of the
source protocol. The open platform concept is used successfully in the computer world (e.g.
Linux operating system) but not in biosensors development. However the concept has
potential for the simplifying and speeding the development of diagnostic technology.
Current detection technologies do not use “open platforms” enabling using the system to
function in other ways than the original, instead, each detection system utilizes “custom”
technology specific for an application. An "open platform" will simplify and speed up the
development of medical diagnostics, reduce cost and enable the deployment of diagnostics
technologies for global health.

For system automation, open-platform modular design for biosensors is a new concept to
replace current non-modular, assay-specific, proprietary biosensors incompatible with each
other. Modular design of compatible “generic” components (transducers, fluidics and

Yang et al. Page 2

Anal Biochem. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ligands) will permit versatility in assembling new biosensors for specific applications,
increase analytical capabilities, reduce development costs, speed development, simplify the
FDA review process and broaden access to valuable technologies. Developing open
platform requires building in access capability, such as a six way valve to handle six
reagents or two pumps instead of one. This makes the open platform versatile enough to be
used for broad array of applications ranging from analysis of 6 samples to analysis of 96
samples, and using as many as six reagents.

To demonstrate this approach, here we present a modular automated Point-of-care optical
detection ELISA detection system that utilizes some of the fluidics modules developed for
electrical percolation-based biosensors [33]

The modular system integrates several elements (1) ELISA-LOC fluidics, (2) a CCD camera
as detector, (3) pumps and valves for fluid delivery to the ELISA-LOC, (4) a computer
interface board for controlling fluid delivery, and (5) a computer for controlling the fluidics,
logging and data analysis of the CCD data. The simple modular fluid deliver automation
design described here can be also used to automate other LOC systems. To demonstrate the
integrated Point-of-care system, we used it for the detection of Staphylococcal enterotoxins
(SEs).

SEs are a family of structurally related twenty two (known) heat labile toxins implicated in
several illnesses including food-borne diseases [34; 35; 36; 37; 38] causing various
gastrointestinal symptoms such as vomiting, nausea, and diarrhea even at low levels of
exposure (e.g. total intake of SEA of approx. 20–100 ng per person) [39]. In addition, SEs
are also potent stimulator of T cells and have also been implicated in other diseases such as
atopic eczema [40; 41; 42], chronic rhinosinusitis with nasal polyposis and chronic severe
inflammatory disease of the upper airways [43], rheumatoid arthritis [44; 45], and toxic
shock syndrome [46], and are also recognized as potential bioweapons [47; 48; 49; 50]

The results present demonstrate that the integrated Point-of-care system can be used for
carrying out various immunological assays and other complex medical assays without a
laboratory, and that the open platform Thus this device may be useful for high throughput
biological screening in remote and resource poor areas.

Material and methods
Reagents and materials

Reagents—Single-walled Carbon Nanotubes (CNTs) were obtained from Carbon
Solutions Inc (Riverside, CA). Poly(diallyldimethylammonium chloride) polymer (PDDA)
and o-Phenylenediamine dihydrochloride (OPD) were purchased from Sigma-Aldrich (St.
Louis, MO). The Immun-Star HRP Chemiluminescence Kit was obtained from Bio-Rad
(Hercules, CA). Staphylococcal enterotoxin B (SEB) and rabbit anti-SEB affinity purified
IgG were purchased from Toxin Technology (Sarasota, FL). All other reagents were of
analytical grade and de-ionized water was used throughout.

Materials for the fabrication of LOC—Clear 0.25 mm polycarbonate film and 1/8 inch
acrylic were obtained from Piedmont Plastics (Beltsville, MD).

Electronic components—For the open platform modular design, six way valve was
purchased from Cole-Parmer (Vernon Hills, IL). The analog to digital/digital to analog
converter (Multifunction I/O 779051–01, NI USB-6008) with 8 analog inputs (12-bit) and 2
analog outputs (12-bit) and Labview software was obtained from National Instruments
(Austin, TX). The WPX-1 peristaltic pump was obtained from Welco (Japan), “Silver
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Liquid” from Electron Microscopy Sciences (Hatfield, PA) and the Digital Multimeter from
Agilent Technologies (Santa Clara CA).

Preparation Equipment—A sonicator (FS-14) was obtained from Fisher Scientific
(Pittsburgh, PA), and a mini-centrifuge from Beckman (Fullerton, CA).

Preparation of CNT for ELISA-LOC
Carbon nanotube preparation—The CNTs were prepared as described previously[24;
26; 30].

Fabrication of ELISA-LOC
The ELISA-LOC described in our previous work [28; 29] the polymers micro-machined
using a computer controlled Epilog Legend CO2 65W laser cutter (Epilog, Golden, CO), as
described in previous work [23; 25; 27]. To prepare the plate assay, 15 μL of antibody
functionalized CNT solution was dropped into the wells of the 96-well sample chip, which
was then dried and rinsed with 2 ml washing buffer (20 mM phosphate buffer, pH 7.4) for 5
minutes to eliminate any loose or partially immobilized CNTs. The CNT-antibody modified
wells were then blocked with 1% BSA from Sigma-Aldrich (St. Louis, MO) for 30 minutes.

CCD based detector
The CCD detector described in previous work[23; 25; 27] consists of several parts: an
enclosure, a custom LED based light box with exchangeable filters for illumination, and an
SXVF-M7 camera (Adirondack Video Astronomy, Hudson Falls, NY) equipped with a
752x582 pixel Sony ICX-429ALL CCD and with a Tamron manual zoom CCTV 4–12 mm,
f1.2 lens (Spytown, Utopia, NY). Since the ECL assay used does not require illumination,
the LED based light box developed for this detector was not used for this assay.

ELISA-LOC SEB detection assays
The primary antibody bound to carbon nanotubes was introduced to the LOC during LOC
fabrication (see above). Various concentrations of SEB in phosphate buffer solution (20
mM, pH 8.0) were added to the ELISA-LOC wells containing the primary antibody-CNT
complex. After adding the SEB samples (15 μl), the interchangeable fluid delivery system
was bonded to the plate and the entire assembly was incubated for 45 min at room
temperature and then washed automatically by activation of pump A. The valve incorporate
into the system was set to draw from the phosphate buffer reservoir; 2 ml of phosphate
buffer were used for washing. The buffer was removed via the fluid outlet system, bonded to
the bottom of the plate, connected to pump B. Following another round of washing, 2 ml of
HRP conjugated anti-rabbit IgG (0.01 mg/mL) in buffer were injected via the fluid delivery
system by switching the valve to draw from the of HRP conjugated anti-rabbit IgG reservoir.
The plate was then incubated for 1 h, and washed three more times with 2 ml of phosphate
buffer as described above. The ECL assay was performed by adding 2 ml of ECL buffer
(mixing the two solutions from Chemiluminescent Kit in a 1:1 volume ratio) and measuring
ECL intensity. In the presence of HRP (bound to the secondary antibody), luminol in the
ECL reagents was reduced by Hydrogen Peroxide, which emits light as it returns to its basal
state, and is detectable using a CCD.

Data analysis
The CCD image intensities were analyzed using ImageJ software, developed and distributed
freely by NIH (http://rsb.info.nih.gov/ij/download.html). The signal for the individual wells
was calculated as the average of the intensity values of the respective pixels. The value
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obtained with concentration of 0 ng/mL SEB was defined as background. The ratio of the
signal to noise ratio (SNR) was further used to quantify the SEB concentration.

Results
A prototype of a modular Point-of-care automated ELISA-LOC fluid delivery system open
platform was adapted to simplify the use of ELISA-LOC for carrying out many different
immunological assays in non-laboratory settings.

In term of design approach, while current trend in LOC development is to pack many
functions on the disposable chip and increase the LOC’s complexity and cost, our design
approach was to keep many functions, such as valves, off the chip. This simplifies the chip
and reduces fabrication cost.

The ELISA-LOC described in our previous work [28; 29] incorporates microfluidics into the
ELISA plate, so that an ELISA can be carried out without a washer. As shown in Figure 1,
the ELISA-LOC brings together three elements: 1) an interchangeable fluid delivery system
(Figure 2-I-A) which functions as the top of the plate; 2) a miniature 96-well plate (Figure 2-
I-B) where the assays are carried out and detected; and 3) a fluid outlet system used to
remove reagents from the wells (Figure 1-I-C) and attached to the bottom of the plate.

The overall ELISA-LOC automation system for fluid delivery which is based on our
previous design[33] is shown in Figure 2A. The system is composed of four basic modules:
(1) the ELISA-LOC chip, (2) an electronics and computer control system, (3) a fluid
delivery system and (4) a CCD-based detector. When combined, the system delivers fluids
(wash buffer, secondary antibody and ECL reagent) to the ELISA-LOC chip, carries out the
ELISA, detects the signal and provides initial data analysis. Because the open platform
access capability and modular design it can easily configured for new application.

Fluid flow in the ELISA-LOC
To better understand our fluidics automation approach for ELISA-LOC, we will first
describe in more details the fluid flow in the ELISA-LOC. As discussed above ELISA-LOC
incorporates three main modules: 1) an interchangeable fluid delivery module (Figure 1-I-
A), 2) a miniature 96-well plate (Figure 1-I-B) where the assays are carried out and detected;
and 3) a fluid outlet module used to remove reagents from the wells (Figure 1-I-C).

The design overlay of the LOC-ELISA (Figure 1-II) and the actual device (Figure 1-III)
fabricated from clear PMMA, which allows the main elements to be seen clearly. In figure
1, we enlarged part of the ELISA-LOC image (shown in Figure 1-IV). The main elements of
the interchangeable fluid delivery module (Figure 1-I-A) are fluid inlet port (#1 in Figure 1-
I-A), input fluid distribution splitter (#2 Figure 1-I-A) to distribute reagents to the four nodes
(a group of 24 wells); four fluid loading chambers (#3 in Figure 1-I-A). The assay plate
(Figure 1-I-B) contains 96 wells for assays (#4 in Figure 1-I-B), each well is fabricated with
small holes in the bottom which serve as fluid outlets (shown as bright spots in figure 2-IV).
The outlet system (Figure-I-C) with two outlet channels per node (#5 in Figure 1-I-C) is
placed directly under the well holes. All the outlet channels are interconnected via negative
pressure distribution splitters (#6 in Figure 1-I-C), which are connected to the outlet port (#7
in Figure 1-I-C) and then to pump or syringe. The anti-SEB primary antibody for binding
the analyte is conjugated onto a single wall carbon nanotube (SWNT) surface which is
immobilized into each well during ELISA-LOC fabrication.

In term of the fluid flow in the chip, fluids move horizontally within module and vertically
between modules. The fluids enter through the fluid inlet port (#1), distributes horizontally
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to the four nodes via distribution splitter (#2) and transfer vertically to the wells which
functions as a “flow cell”, the samples to be analyzed flow through small volume (~5 ul)
wells. To create the flow cell, a PMMA layer with holes for input fluid delivery for each of
the 96 wells is placed under the wells. The fluids are kept in the wells by surface tension
using a simple ‘surface tension’ valve was created by drilling a ~0.2 mm hole in the bottom
of the well. When a vacuum is applied at the outlet (#7), fluid flows vertically through the
holes and empties the wells into the outlet channels (#5) and transfer horizontally via the
output distribution splitters (#6) to the outlet (#7). The wells with the outlet holes (the spots
in the center of the wells) and the output distribution splitters (#6) are visible in the enlarged
section of figure 1-IV. Although the figure shows the device fabricated with clear PMMA,
for the purposes of visualization, black PMMA is typically used in actual devices to
minimize light scattering and optical crosstalk between wells [27].

Computer control and fluid delivery systems for ELISA-LOC
While the ELISA-LOC module is the platform for carrying out the actual assay, a support
system of other modules is needed for reagent delivery to the ELISA-LOC, measurement of
assay output, and analysis of the output. Figure 2A shows a schematic of the open platform
system for computer control and fluid delivery is based on our previous design[33]. Figure
2B shows the actual system which includes hardware and software.

Hardware for LOC computer control and fluid delivery—There are several
components of the LOC computer control and fluid delivery modules shown in Figure 2 (the
Roman numerals correspond to the component in the figure):

I. A computer for image analysis of the CCD measurements and for control of the
fluidics system (pumps and valves)

II. A digital CCD camera controlled by the computer and used for imaging and assay
measurements.

III. A fluid delivery peristaltic pump (A) for, moving fluids from fluid reservoirs
through the valve and to the ELISA-LOC.

IV. A second peristaltic pump (B) used for fluid removal from the ELISA-LOC to the
waste.

V. A 12-channel ADC/DAC, an Analog to Digital and Digital to Analog converter
which is the interface between the LOC, the pumps, the valve and the computer.
The ADC/DAC converts a digital code to analog signals (current, voltage, or
electric charge) needed for device operation. Because of the low output power of
the ADC/DAC used in this work, a signal amplifier connected to the ADC/DAC is
used to operate the pump and the valve.

VI. A six way valve allowing fluid switches, so that reagents such as buffers and
antibodies can be delivered at the right time and in the right order to the LOC.

VII.Reservoirs for reagents (e.g. buffer, secondary antibody, ECL solutions etc) and
fluids to be delivered to the ELISA-LOC.

VIII.The ELISA-LOC as a platform for the actual assay performance and measurement

For the actual prototype (Figure 2B) a desktop computer was used and the components were
assembled without permanent electric wiring or fluid lines, making it easy to change the
system’s configuration. Power is supplied by a 12 V power supply, although a 12V battery
can also be used.
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Computer control of the fluidic system—The automated ELISA-LOC is controlled by
a computer via Labview control software (National Instruments). The interface between the
computer and the device is a USB-6008 multifunction ADC/DAC activates the different
devices including the two pumps, and the six-way valve. Because the low power of ADC/
DAC, a signal amplifier was used to provides proper voltage and current for valve and the
pumps.

The system’s fixed speed pumps used can be programmed to deliver fluids at a variable flow
rate by selectively activating the appropriate ports using the 6-way valve. Each pump can be
independently programmed to work at a different flow rate. The flow rate of each pump is
determined by two user-defined variables: (a) the duration of each pump activation period,
and (b) the duration of each flow pulse. Low flow rates are achieved by utilizing pulse width
modulation (PWM) to vary the flow rate. Higher flow frequencies allow for a higher flow
rate at the cost of more fluid micropulsations. The duration of the fluid pulse is measured as
a percentage of each pulse, e.g. percentage duration of 100% is the equivalent of continuous,
full speed fluid pumping. Zero percent duration effectively shuts off flow fluid flow,
regardless of the frequency setting.

Operation of ELISA-LOC automated system—The six-way valve, also controlled by
Labview, is designed to allow one to six different fluids to flow in response to computer
input, and is used in conjunction with the pumps. Each fluid change requires extra time to
clear fluid that is present in the pump tubing (dead volume) before delivering the new fluid.
To minimize the dead volume, the pump is temporarily stopped while switching to a
different valve, then restarted after the switch is complete.

The Labview software is designed run continuously, and is capable of timed operation,
although that feature was not used in this experiment. The controlling functions for each
valve and pump are independent of another, and can be started and stopped by the user as
long as power is supplied. The final piece of hardware, the CCD, is connected to the
computer directly via a USB port for data transmission and for the operation of the device.

Operation of ELISA-LOC
Reagents delivered from pump A enter through the inlet of the fluid delivery system
(marked as arrow #1 in Figure 1-A), distribute to four nodes via a distribution splitter
(Figure 1A # 2) and flow in two directions. The reagents flow horizontally within the four
nodes of the fluid delivery system (shown as a horizontal arrow marked #3 in Figure 1A),
and also flow vertically between the layers’ fluid delivery system (shown as vertical arrows)
to the 96 well plate (Figure 1-I-B #4). Finally, the reagents flow through holes in the wells
into the outlet system (Figure 1-I-C) with two outlet channels per node (Figure 1-I-C #5)
placed directly under the well holes. The outlet channels are interconnected via two negative
pressure distribution splitters (Figure 1-I-C #6) connected to the outlet port (Figure 1-I-C
#7), which is connected to pump B.

Samples are loaded manually into each well and, after incubation and washing, HRP labeled
secondary antibody is added, followed by additional washing. Finally, ECL reagent is used
to generate the signal that is measured by CCD camera.

Staphylococcal enterotoxin B (SEB) detection using automated ELISA-LOC
Staphylococcal enterotoxins (SEs) have been traditionally assayed immunologically using
Enzyme-Linked Immunosorbent assays (ELISA)[51], using labeled antibodies and optical
detection, and taking several hours to complete. In previous work we used manual ELOSA-
LOC to detect Staphylococcal enterotoxin B (SEB) [28; 29], To test the automated ELISA-
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LOC, we applied a similar a similar Staphylococcal Enterotoxin immunological assay used
in previous work in order to compare the automated ELISA-LOC describe in this work to
the manual device described in previous work. As discussed above, anti-SEB primary
antibody was conjugated onto a SWNT surface which was immobilized into each of the 96
wells during ELISA-LOC fabrication. As we have shown previously[24; 26; 30], the large
surface area of SWNT increases the sensitivity of immunoassays approximately six-fold. A
serial dilution of the toxin SEB (0, 0.01, 0.1, 0.5, 1, 5, 10 and 50 ng/mL) were loaded
manually into the wells of the plate (Figure 3-I, columns A-H), in 12 replicas (rows 1–12).
Then, the cover containing the fluid delivery system (Figure 1-I-A) was bonded to the assay
plate using the double sided tape bonded to the fluid delivery system during fabrication. The
plate inlet (Figure 1-A-1) was connected to pump A (Figure 2-A-III), and the plate outlet
(Figure 1-C-7) was connected to pump B (Figure 2-A-IV) and the entire apparatus was
incubated for 60 minutes. After incubation, pump B was activated, using Labview, to
remove the samples from the wells. The valve (Figure 2-A-VI) was switched to the buffer
reservoir, and then both pumps were operated to perform the washing. Because the same
reagents (washing buffer, secondary antibody, ECL reagents) are used for all samples, cross
mixing and diffusion among channels were not factors. The binding of SEB to the primary
antibody was detected using ECL, and the image was captured by a CCD camera (Figure 2-
A-II).

A CCD image of an assay is shown in figure 3-A. Visual inspection suggests that the there is
a difference between the intensity of the signal of row F (0.1 ng/ml) and the signal of row H
(no-SEB control). Row G with 10-fold lower SEB concentration (0.01 ng/ml) also appears
lighter by eye, and is marked with an arrow.

The signal intensities of figure 3-A were quantified using the ImageJ software and a 3D
ImageJ analysis of figure 3-A is shown in figure 3-B in which the signal level for each well
corresponds to the concentration of SEB. These results clearly show an increase in
fluorescence intensity as the concentration of the toxin increases and signal (row G) is
readily distinguishable from background (row H). The limit of detection (LOD) represents a
measured concentration that generates a signal three times the standard deviation above
background (no SEB). For SEB measured with the ELISA-LOC and detected using a CCD
camera, the LOD is 0.1 ng/ml (row F).

A plot of the data from figure 3-A is shown in figure 4-A, which indicates that there is a
high correlation (r2 = 0.87) between the concentration of SEB and the signal to noise ratio
(SNR). The level of SEB in figure 4-A is plotted in log scale.

We compared the automated POC with ECL detection to the non-automated ELISA-LOC.
The LOD is shown for both assays in figure 4-B. The methods are very similar in terms of
their linearity, and are highly correlated (r2=0.90) suggesting that the detection methods are
comparable. For the standard ELISA assays of SEs, the reported LOD ranges from 0.1 10
ng/mL [51]. These data suggest that automated ELISA-LOC is as sensitive as a regular
ELISA and non-automated ELISA-LOC.

Discussion
The original ELISA-LOC [28; 29], which integrated a washing system with an ELISA plate,
had several features intended to make it a portable and suitable for use in field or point-of-
care settings. These included operation by a syringe, rather than with battery or electric
power, and capacity to analyze 96 samples simultaneously without a lab. However, manual
operation limited the use of the device for point-of-care high throughput applications where
many samples have to be analyzed rapidly.
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The combination of ELISA-LOC and computerized fluid delivery open platform adapted
from previous work [33], described here, enables automation and simplifies the operation of
ELISA-LOC and broadens potential point-of-care applications for the technology. If this
system is combined with more automated image analysis and image transfer technology, it
will allow automated multi-analyte detection and high thoughput immunological detection
providing results that can be used in resource-poor settings to support telemedicine.

In this point-of-care we used a cooled CCD was used to measure ECL light signal. The
captured image can be quantitated and transmitted, allowing use in practically any setting.
However, any low cost camera can be used, which may further reduce the cost of the
detector.

As shown here, the point-of-care system detected SEB concentrations as low as 0.1 ng/ml,
we also tested visual detection, using silver staining with the ELISA-LOC [29] and were
able to measure SEB at concentrations as low as 0.5 ng/ml without using a CCD or other
detector. However such visual simple detection which does not requires any equipment is
only semiquantitative, at best and the CCD detection used in this work is more sensitive and
quantitative.

The simple “generic” open platform modular fluid delivery automation design used here is
based on off-the-shelf inexpensive components and can also be used to automate other LOC
systems. We demonstrate that the open platform modular design for fluidics can be easily
adapted to a broad array of detection technologies ranging from electronic sensors to optical
sensors and from six channels of detection [33] to 96 channel of detection. Such versatility
was possible because access capability was built in by including six-way valves to enable
the performance of complex assays with six different reagents or a two-pump configuration.
While this access capability was not used in the previous application (only two reagents) or
for this detection modality (utilizing four reagents) it has the potential to be adapted for
more complex assays in the future.

For Global health application the cost of a system is an issue, as discussed above, keeping
many functions, such as valves, off the chip simplifies the chip and reduces fabrication cost.
In term of actual costs, the reagents (primary and secondary antibodies+ ECL reagents) for
SEB detection using a regular ELISA plate (e.g. 100ul microtiter plate) are about $1 per
assay. Using our 20ul miniature plate for the same ECL assay the price per assay is
approximately 20 cents per assay. The cost of the plate, if mass produced, is approximately
$0.25. Thu, the new assay is significantly cheaper, both because a lower volume of reagent
is used and because the cost of the actual reagents is lower. Moreover, the instrumentation
cost for the assay has been reduced dramatically, replacing a costly (e.g. $3,000–$20,000)
plate reader with ~$100 CCD camera or scanner, and replacing the washer (~$2500–
$10,000) with a lower cost fluidic system. The cost of hardware (pumps, valves and AD/DA
board), excluding the computer, is ~$700.

The new detection system may have many biomedical applications including screening for
microbial pathogens and their toxins, containment of epidemics such as flu, HIV screening,
and food safety testing in which rapid immunological detection of large number of sample in
remote area is needed. It is also well suited for use in resource-poor settings.
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Figure 1. A simplified scheme of the ELISA-LOC
I. the 3D design of the 96 well ELISA-LOC; II. The complete design overlay of the
assembled 96 well device; III. Photo of the actual device, IV enlarged section of the main
elements. The arrows show the fluidic path through the ELISA-LOC. In the expanded
diagram (I), the three layers of the LOC are visible: fluid delivery layer (A), which serves as
the cover for the device, sample wells layer (B) for assay incubation and detection, and the
outlet system layer (C) for fluid removal. The main elements of the ELISA-LOC are: fluid
inlet port (1) connected to pump A (or a syringe) for reagent delivery, input fluid
distribution splitter (2) to distribute reagents to the four nodes (a group of 24 wells); and
four fluid loading chambers (3). The assay plate (B) contains 96 wells for assays (4). Each
well is fabricated with small holes in the bottom which serve as fluid outlets (shown as
bright spots in IV). The outlet system (C) with two outlet channels per node (5) is placed
directly under the well holes. All the outlet channels are interconnected via negative
pressure distribution splitters (6), which are connected to the outlet port (7) and then to
pump B (or syringe). The assembled schematic of the 96 well LOC chip (shown in II)
includes the four nodes, each with 2 rows of twelve wells. A clear PMMA LOC device (III)
was photographed with illumination to increase contrast. Finally, IV shows an enlarged
section to make the fine details visible.
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Figure 2. Automatic fluidics system for LOC
A. Schematic of the system and B the actual photo of the LOC LOC prototype. The system
consists of: Computer (I), CCD digital camera (II), input pump (III), output pump (IV),
analog to digital/digital to analog converter (V), six-way valve (VI) with the valves marked
as A,B,C,D,E and F, reagents reservoirs (VII) and ELISA-LOC (VIII). Straight arrows
indicate electric connections; wavy arrows indicate fluidics connections.
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Figure 3. ELISA-LOC detection of Staphylococcal enterotoxin B (SEB)
Various concentrations of SEB were tested in a four node ELISA-LOC using ECL detection.
A. The initial CCD image, B a 3D imageJ analysis of A. The experiment was arranged so
that each of the eight concentrations of SEB (0, 0.01, 0.1, 0.5, 1, 5, 10 and 50 ng/mL) were
loaded in each row (represented by letters), from highest to lowest starting in row A. The
triangle shows the range of SEB concentrations. Each of the eight concentrations (rows)
were loaded as 12 replica columns (the numbers). The arrow indicates the limit of detection
of the system (0.1 ng/ml). The 3D imageJ analysis shown in B enable better visualization of
A.
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Figure 4. Comparison of automated ELISA-LOC with the non-automated ELISA-LOC
The signal intensities of various concentrations of SEB from figure 3-A were quantified
using the ImageJ software and the calculated ratio of the signal to noise ratio (SNR) used to
quantify the signal was plotted (A). The SNR values from the automated ELISA-LOC were
plotted against values from non-automated ELISA-LOC (B)
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