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Foodborne pathogens are responsible for hundreds of thousands of deaths around the world each year.

Rapid screening of agricultural products for these pathogens is essential to reduce and/or prevent

outbreaks and pinpoint contamination sources. Unfortunately, current detection methods are laborious,

expensive, time-consuming and require a central laboratory. Therefore, a rapid, sensitive, and field-

deployable pathogen-detection assay is needed. We previously developed a colorimetric sandwich

immunoassay utilizing immuno-magnetic separation (IMS) and chlorophenol red-b-D-galactopyranoside

for Salmonella detection on a paper-based analytical device (mPAD); however, the assay required many

sample preparation steps prior to the mPAD as well as laboratory equipment, which decreased user-

friendliness for future end-users. As a step towards overcoming these limitations in resource-limited

settings, we demonstrate a reusable 3D-printed rotational manifold that couples with disposable mPAD

layers for semi-automated reagent delivery, washing, and detection in 65 minutes. After IMS to clean the

sample, the manifold performs pipette-free reagent delivery and washing steps in a sequential order with

controlled volumes, followed by enzymatic amplification and colorimetric detection using automated

image processing to quantify color change. Salmonella was used as the target pathogen in this project

and was detected with the manifold in growth media and milk with detection limits of 4.4 � 102 and 6.4

� 102 CFU mL�1 respectively. The manifold increases user friendliness and simplifies immunoassays

resulting in a practical product for in-field use and commercialization.
1. Introduction

Foodborne pathogens pose a major health risk around the
world. Each year they are responsible for 600 million infections
and over 400 000 deaths around the world (9.4 million and 1300
in the US).1,2 Screening for specic pathogens could prevent
large and deadly outbreaks; however, traditional pathogen
detection assays are inadequate for testing large volumes of
samples in a timely manner.3 The most effective screening tests
should be inexpensive, portable, rapid, and easy to use such
that the assay can be performed in the eld by an untrained end
user.4

Foodborne pathogen detection is typically accomplished
using culture-based methods.5 Culture-based methods are well
established, selective, sensitive, and benet from decades of
data to cross reference. Despite these advantages, culturing can
take days to complete, requires trained laboratory personnel,
University, USA. E-mail: chuck.henry@

& Pathology, Colorado State University,

State University, USA

tion (ESI) available. See DOI:

86
transportation to a central laboratory for analysis, and is prone
to false negatives due to viable but non-culturable patho-
gens.3,4,6 Therefore, culturing is an ill-suited tool to screen for
foodborne pathogens, especially in resource-limited settings.

To decrease testing times, numerous rapid assays have been
developed, including lateral ow immunoassays (LFAs), poly-
merase chain reaction (PCR), loop mediated isothermal
amplication (LAMP), and enzyme linked immunosorbent
assays (ELISAs). Other rapid assays have used nanomaterials
and specic recognition elements like aptamers, phages, or
antibodies for capture and detection.5,7 While faster than
culture-based methods, PCR and ELISA are both expensive,
require complex instrumentation, and are unsuitable for in-
eld testing.8 LAMP is a promising tool for resource limited
settings, but it still requires heating to 65 �C, four sets of
primers, and trained technicians for most detection tech-
niques.9 Finally, LFAs have been used for decades to detect
pathogens, antibodies, and small biomarkers.10,11 Although they
are well established diagnostic tools, LFAs consistently suffer
from poor detection limits without pre-enrichment steps such
as culturing or PCR amplication.11,12 Additionally, complex
food sample matrices are difficult to use in an LFA format
without signicant sample pre-treatment or cleaning.
This journal is © The Royal Society of Chemistry 2019
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Microuidic paper-based analytical devices (mPADs) have
become a common platform for point-of-care and eld-based
assays.13–17 mPADs are small, portable, inexpensive, easy to
dispose of, frequently require no external instrumentation, and
can effectively store reagents.14,16,18,19 Recently, mPADs have been
used to detect multiple foodborne pathogens with the goal of
creating a simple screening test.20–23 In these works, traditional
antibody-based immunoassays, enzymatic detection, and elec-
trochemical methods were adapted for use in mPADs. Although
they are a promising technology, mPADs frequently suffer from
inadequate sensitivity and high detection limits compared to
traditional methods like PCR and ELISA.14 To improve detection
limits and sensitivity in traditional immunoassays, washing
steps and signal enhancement reagents are used.3,24,25 However,
these steps require timed and sequential delivery of reagents
and/or washing agents, which mPADs are not typically designed
to do without signicant manual intervention from the end
user.

Several groups have successfully demonstrated sequential
reagent delivery in mPADs. Fu et al. accomplished this in 2010
with a 2D mPAD containing multiple inlets,26 and Govindarajan
et al. introduced folding, or origami, mPADs in 2012, where
reagents are delivered in each folding step.27 Since then, many
other devices have been proposed including key shaped devices,
sliding mPADs, rotating devices, dissolving sugar bridges, and
complex channel geometries.26,28–32 Although they accomplish
the goal of sequential reagent delivery, many of these devices
suffer from inconsistent results, as the end user is ultimately
performing the folding or sliding, and others require multiple
pipetting steps to continually add buffer.33 Additionally, the
more complex channels necessary for sequential delivery in
these systems can result in lost analyte to the cellulose bers
and decreased sensitivity.24 Instead of relying on paper alone for
reagent delivery, several groups have developed paper–plastic
hybrid devices for pathogen detection.34–36 In this work we
propose a mPAD housed in a re-usable 3D-printed rotational
manifold capable of reproducible sequential reagent delivery
for the detection of Salmonella via an immuno-magnetic sepa-
ration (IMS) sandwich immunoassay.

Among foodborne pathogens, Salmonella is the most harm-
ful, causing more worldwide infections (>90million) and deaths
(�155 000) than any other foodborne pathogen.37 Therefore,
Salmonella was chosen as the target in this study and the
manifold was used to detect Salmonella in growth media and
milk. Milk was used as a real-world sample as milk-borne
infections are common in unpasteurized, raw milk.38 Speci-
city against E. coli and other bacteria naturally found in milk
was also demonstrated. To simplify the assay, we employed
colorimetric detection using an enzymatic reaction that cleaves
chlorophenol red-b-D-galactopyranoside (CPRG) to chlor-
ophenol red (CPR), which is indicated by a yellow to red color
change. The color change can be qualitatively observed by the
naked eye or quantitatively analyzed through image analysis.
We used a ood ll algorithm and analysis system that lowered
the limit of detection by an order of magnitude over previous
color analysis techniques. Our target limit of detection (LOD)
was #102 colony forming units (CFU) per mL, which has been
This journal is © The Royal Society of Chemistry 2019
reported as the infectious dose of Salmonella in food
samples.39,40 This LOD was realized in milk and media samples
and is also the lowest detection limit that has been realized for
direct colorimetric detection of Salmonella on a paper-based
sensor with no pre-enrichment.41,42 By combining a 3D-printed
manifold with paper layers we have increased the capabilities
of a mPAD without sacricing user-friendliness. We believe that
many of the pitfalls of traditional mPADs may be solved by
integrating inexpensive plastic platforms or manifolds like the
one described here.

2. Materials and methods
2.1. Rotational manifold

The 3D-printed manifold was printed using a FormLabs Form2
printer with their Clear V2 resin. All 3D-printed parts were
designed in OnShape, a cloud-based CAD soware. The paper
channels, waste-pads, and sample layers are made of Fusion 5
paper, a conjugate-release membrane from GE healthcare
(Waukesha, WI). The reagent layer and sample layers were made
from Fusion 5 pieces, 3M transparency sheets, and 10 mil Fel-
lowes® lamination sheets. The two layers are sealed using
a TruLam laminator at 360 �F. The surfaces of the reagent and
sample layers are coated in Never-Wet®, a hydrophobic spray-
on product from Rust-Oleum®. All designs for the two layers
and paper pieces were created in CorelDraw (Fig. S1†) and were
cut with a 30 W CO2 laser cutter (Epilog Model 10000).

2.2. IMS assay reagents

The reagents used in the Salmonella immunoassay include:
Dynabeads™ M-280 Tosylactivated (Invitrogen™, purchased
from Thermo Fisher Scientic, Milwaukee, WI); anti-Salmonella
typhimurium 0–4 monoclonal mouse antibody (Abcam, Cam-
bridge, MA ab8274); Salmonella antibody–biotin conjugate
(Invitrogen™, purchased from Thermo Fisher Scientic); strep-
tavidin–b-galactosidase conjugate (Invitrogen™, purchased from
Thermo Fisher Scientic), and chlorophenol red-b-D-galactopyr-
anoside (purchased from Sigma Aldrich, St. Louis, MS). The
bacterial strains used in this work were Salmonella enterica
serovar typhimurium and Escherichia coli DH5a. The cells were
grown in a Difco (Salmonella) and LB (E. coli) media for 12 h to
a nal concentration �108 CFU mL�1. Aer each growth the cell
concentration was quantied by serial dilution and plating. The
cells were spiked into and diluted in growth media or milk at the
desired concentrations before running the assay with the mani-
fold. The milk used was DairyGold ultra-high pasteurized whole
milk. The buffer used in the manifold was a 1� solution of
phosphate buffered saline (PBS) at pH 7.4 diluted in Milli-Q
water. 2.5–4.5 mm pink uorescent magnetic beads from Spher-
oTech (Product #FP-4058-2) were used to perform the bead
retention studies with a Dino-Lite EDGE uorescent digital
microscope at an excitation wavelength of 575 nm.

2.3. Assay steps

One mL of liquid sample is incubated with 5 mL of 5 mg mL�1

magnetic bead–Salmonella antibody conjugate for 15 min at
RSC Adv., 2019, 9, 29078–29086 | 29079
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room temperature in a microcentrifuge tube. Aer a washing
step using an external DynaMag-2 (Thermo Fisher Scientic)
magnet for IMS, the magnetic bead–antibody-Salmonella
conjugate is reconstituted in 60 mL of PBS buffer. A 15 mL aliquot
of the concentrated solution was placed on the sample layer and
the remainder of the assay (enzyme labeling and detection) is
performed in the rotational manifold.
2.4. Device operation

The manifold consists of four 3D printed pieces: the manifold
top, center, and bottom, and the sample layer insert (Fig. 1). The
top, center, and bottom pieces are all held together by bolts and
springs. The springs allow the center piece to rotate while the
top and bottom pieces are held in place. The center piece
contains a slot for the reagent card. Within the reagent card are
eight reagent channels and waste pads. The reagent card is
made of ve layers: a transparency sheet with a hydrophobic
coating, the paper reagent channels, a 3 mil lamination sheet,
the paper waste pads, and a 10 mil lamination sheet. The waste
pads and sample layers are stacked on top of each other but are
separated by the 3 mil lamination sheet. Four reagent channels
store reagents and four are empty channels used for washing.
Two reagent and two washing channels are needed to run the
assay in the current format, so eight total channels allow two
tests to be run with one reagent card. In the four channels
needed, the rst channel contains 0.4 mg of biotin-labeled
Salmonella antibody that is deposited and dried prior to the
assay; the second is empty for washing; the third contains 0.2 mg
of dried streptavidin b-galactosidase; and the fourth is empty. 5
mL aliquots of 40 mg mL�1 and 80 mg mL�1 streptavidin b-
galactosidase and biotin-ab are added to the reagent channels
to obtain 0.2 mg and 0.4 mg of dried reagent respectively. These
reagents are all added and dried before the assay is run so the
end-user does not need to perform the reagent addition steps.

When the manifold is assembled, the reagent layer rotates
with the center piece and the sample layer insert remains
stationary. As the center piece rotates, the top and bottom
pieces move vertically while keeping pressure on the center
Fig. 1 CAD rendering (A) and images (B) of the rotational manifold. In
lamination or transparency sheets, and white are exposed Fusion 5 pap
parency sheets.

29080 | RSC Adv., 2019, 9, 29078–29086
piece. Aer a 45� rotation the center piece clicks into a slot and
the top and bottom pieces collapse down with it. A video in the
ESI† shows the device rotation, clicking mechanism, and ow
through the layers.

With each rotation, an opening in the reagent layer is aligned
with a wick in the bottom piece of the manifold and the next
reagent layer and waste pad are aligned with the sample layer.
The wick sits in a buffer reservoir and, buffer ows through the
reagent channel, through sample layer, and into a waste pad.
The ow through the system either delivers a reagent to the
sample layer or simply washes excess reagent away from the
sample layer. Magnetic beads, and anything conjugated to
them, will not wash through the sample layer because of
a magnet that's tted underneath the sample layer in the
sample layer insert. The end-user knows to rotate the device
aer the waste pad is saturated (�2 min).
2.5. Colorimetric detection

The nal step of the assay is to add 25 mL of a colorimetric
substrate (CPRG) to the sample layer with a pipette. In the
presence of b-galactosidase, and therefore Salmonella, CPRG
(Yellow) will be turned over to CPR (Red). The [CPR] can be
monitored via image capture and analysis. The image of the
colored sample layer is taken inside a light box. The light box
consists of two shells. The inner shell houses the sample layer
and is made of clear acrylic. The acrylic was sanded until cloudy
to diffuse light and prevent glare on the sample. The outer shell
covers the rst and is made of black acrylic so no ambient light
can reach the sample layer. The outer shell contains 35 white
and warm white LEDs built into the walls and powered by a 9 V
battery. The inner and outer shells contain an opening for
a smartphone to capture an image (Fig. S2†).

In this work we used a Samsung Galaxy S7 smartphone to
capture static images of the sample layer at different time
points. In the past, our group has frequently used manual
processing with NIH ImageJ to quantify color changes.42–45 To
decrease the manual labor associated with ImageJ we used
a ood-ll algorithm available in the OpenCV computer vision
the CAD renderings all gray portions are 3D printed, dark blue are
er, and light blue are Fusion 5 paper covered by lamination or trans-

This journal is © The Royal Society of Chemistry 2019
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library.46 Flood-ll identies the color pixels in our sample
region by employing a recursive region growing process. The
regions grow out from a seed known to be in the sample. Flood-
ll adds pixels relatively similar in color until no more similar
pixels are adjacent to the region. In our case this means it stops
at the edge of the oval paper that bounds our sample. The
average RGB color values in the resulting set of pixels is then
analyzed for each sample.47 When compared to manual analysis
using NIH ImageJ, the automated algorithm returned nearly
identical results (Fig. S3†).

We dene the signal in each trial as the difference in color
between the blank and the sample. To quantify this difference
the vector length in 3D RGB space between our blank RGB
coordinates and the sample RGB coordinates (DRGB) was
calculated using eqn (1) as previously described.48,49

DRGB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRS � R0Þ2 þ ðGS � G0Þ2 þ ðBS � B0Þ2

q
(1)

where RS, GS, and BS are the RGB values for the sample being
tested, and R0, G0, and B0 are the RGB values for each blank. The
magnitude of the signal was larger for DRGB versus a single-
color channel, thus increasing sensitivity. Additionally, eqn (1)
yields 9 data points with only 3 repeats: DS1Bl1, DS1Bl2, DS1Bl3,
DS2Bl1, DS2Bl2, DS2Bl3, DS3Bl1, DS3Bl2, DS3Bl3, where S and Bl
are the sample and the blank respectively and the number
denotes the trial. The larger signal and number of data points
resulted in an order of magnitude improvement in detection
limit when compared to the use of a single channel (Fig. S4†).
3. Results and discussion
3.1. Assay steps and design

In a previous publication we presented an immuno-magnetic
separation sandwich immunoassay for Salmonella detection.42

The chemistry of the immunoassay remains the same in this
work and is discussed in depth in our previous publication.
Briey, Salmonella is isolated from a sample using Salmonella-
antibody labeled magnetic beads. Aer a short incubation with
the sample the beads are removed from solution with an
external magnet, washed, and reconstituted in a small volume
of buffer to concentrate the sample. A secondary Salmonella-
antibody labeled with biotin is then introduced to the Salmo-
nella–magnetic bead complex solution. Aer an incubation and
washing step, streptavidin-labeled b-galactosidase is added to
the Salmonella–magnetic bead–biotin conjugate solution.
Finally, aer another incubation and washing step a small
volume of the Salmonella–magnetic bead–biotin–b-galactosi-
dase conjugate solution reacts with the substrate CPRG. Aer
a set reaction time, a color change from yellow to red indicates
the presence of b-galactosidase, and therefore Salmonella.
Previously, all steps of the assay were performed in solution in
a microcentrifuge tube until the nal step, where a small
aliquot of magnetic bead–Salmonella–enzyme conjugate was
added to a paper spot with dried substrate. The assay worked
but required thirteen pipetting steps. To improve ease-of-use,
we designed a rotational manifold to minimize pipetting steps
by washing and delivering reagents to the test zone (Fig. 2).
This journal is © The Royal Society of Chemistry 2019
Here, the initial step of sample incubation with antibody-
labeled magnetic beads remains in-solution to ensure a suffi-
cient number of bacteria are available for conjugation to the
magnetic beads. Aer the bacteria is isolated from the sample,
a 15 mL aliquot of the magnetic bead–bacteria complex is added
to a small paper sample-layer and the remaining steps are
completed in the device.

3.2. Device design and operation

Schematic drawings and a photograph of the manifold are
shown in Fig. 1. An important feature of the device is that the
buffer volume delivered in each step can be controlled by
changing the size of the waste pad. Fusion 5 paper holds 0.422
� 0.006 mL mm�2 (Fig. S5†), so by changing the surface area of
the waste pad the volume of buffer used in each step can be
customized. Volume control of each reagent delivery and
washing step is critical when using the device for different
assays that may need more thorough washing. Flow through
each layer of the device is illustrated in Fig. 3. The sample layer
sits on the 3D-printed sample layer insert, which ts into the
bottom manifold piece with lego-style ttings. A magnet screws
into the bottom of the insert and is positioned directly under-
neath the sample layer. The magnet ensures that the magnetic
beads are not washed away during reagent delivery and washing
steps (Fig. S6†). Using magnetic beads and magnets to create
a test zone allowed us to use membranes other than nitrocel-
lulose, which is expensive and has a short shelf life.50 Addi-
tionally, the sample in the manifold is stationary on the sample
layer and therefore will not be lost to the membrane during ow
through the device as is the case in traditional LFAs. Sample
loss to paper channels is a problem in paper-based devices,24,51

and a stationary sample can improve detection limits.
Aer the nal washing step, the insert and sample layer are

removed from the device. 25 mL of 2.5 mM CPRG is pipetted
onto the sample layer containing the conjugated system and the
substrate reacts with any enzyme present for 40min. A picture is
then taken of the sample layer inside the light box. The image is
analyzed as described in the materials and methods to deter-
mine the Salmonella concentration. Using the rotational mani-
fold, the number of pipetting steps needed to complete the IMS
sandwich immunoassay was decreased from thirteen to four,
which signicantly reduces labor and complexity for the end
user. Each sample addition step requires �1 second of user
input (rotating the device) compared to traditional pipetting
and IMS that can take multiple minutes per step. Additionally,
the waste generated during each step of a traditional in-solution
IMS assay exceeds 1mL, while our assay uses roughly 0.1 mL per
step, reducing cost and storage needs.

3.3. Assay optimization and parameters

3.3.1 Paper type. Fusion 5 was chosen as the paper type for
all portions of the manifold: reagent layer, waste pad, and
sample layer. Fusion 5 was developed as a substrate for all
portions of an LFA.52 In our device, Fusion 5 demonstrated
faster ow and lower noise from non-specic enzyme adsorp-
tion than other papers tested (Whatman I and IV). The faster
RSC Adv., 2019, 9, 29078–29086 | 29081

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07106g


Fig. 2 Schematic demonstrating the concept of sequential reagent delivery using a rotating reagent storage card and a stationary sample layer
(A) add sample containing magnetic beads conjugated to your target analyte to the sample layer. (B) Add the sample layer to the device. Bio-
tinylated antibodies will be introduced. (C) Rotate the device to a washing step used to remove excess biotinylated antibodies. (D) Continue
rotating until streptavidin b-galactosidase has been introduced and washed. (E) Remove sample layer, add substrate CPRG, and observe color
change.
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ow rates increased washing efficiency and decreased assay
time. Additionally, Fusion 5 contains plastic binder meant to
stabilize its mechanical properties, allowing us to laminate the
reagent layer under high pressure and heat without decreasing
ow rates.

3.3.2 Sample layer. A major challenge in developing the
rotational manifold and corresponding assay was minimizing
the noise in the blank signal. Although using Fusion 5 helped
improve washing, b-galactosidase would consistently get trap-
ped on the edges or ends of the sample layer. To overcome this
challenge, we blocked the surface of the sample layer with 10 mL
of 5 mg mL�1 bovine serum albumin (BSA) and updated the
shape to an oval. The benet of an oval sample layer is that there
are no corners where the enzyme can be trapped. Once these
changes were implemented, the washing efficiency of the device
was improved, and blank samples remained yellow aer all
washing steps were performed (Fig. 4).
Fig. 3 Flow through the device begins in the buffer reservoir where
PBS is wicked through a paper wick into the reagent channel. Buffer
flows through the reagent channel and delivers reagents to the
conjugated system on the sample layer before washing away excess
reagents to the waste pad.

29082 | RSC Adv., 2019, 9, 29078–29086
3.3.3 Reaction times. The initial sample incubation with
the magnetic beads was 15 min. In more complex samples
this incubation may need to be lengthened; however, in our
liquid sample matrices 15 min was sufficient. The reaction
times for each reagent delivery step were roughly 2 min, or
the time it took for the waste pad to completely saturate.
Once saturated, ow through the waste pad stopped and no
new reagents reached the immobilized magnetic bead
complex, eliminating any benet of longer incubation. The
shape of the waste pad was fan-like to provide continuous
capillary pressure and more constant ow rates.53 Finally, the
substrate and enzyme reacted for 40 min. In optimization
studies of CPRG and b-galactosidase the longer the wait time
the higher the signal, so long as the sample layer did not dry
out. Above 25 mL of substrate, the sample layer began to leak,
and at 25 mL the sample began to dry out aer 60 min
(Fig. S7†). The 40 min reaction time was a compromise
Fig. 4 Effect of sample layer shape and blocking with BSA. The blank
sample was an image of the sample layer with CPRG without any b-
galactosidase ever introduced. All other samples had b-galactosidase
washed through the sample layer into the waste pads.

This journal is © The Royal Society of Chemistry 2019
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between assay speed and sensitivity. If total assay time was
not a concern, one could lower detection limits by increasing
the reaction time and minimizing evaporation with a small
air-tight enclosure. With the 40 min reaction, the entire assay
can be performed in roughly 65 min. In samples with higher
bacteria concentrations, a qualitative color change could be
observed in as little as 5 min aer adding the substrate. To
reach a lower limit of detection, however, 40 min of reaction
time was needed to differentiate between the blank and the
lowest bacteria concentration.

3.3.4 Image capture. An image captured by a smartphone
was used to quantify Salmonella. Smartphones are an excellent
tool for in-eld measurements as most end-users will already
own a smartphone, cutting down on the cost of the assay and
increasing user-friendliness. Additionally, numerous papers on
colorimetric mPADs use a smartphone for detection.54 We
correct for differences in ambient lighting with a custom light
box that contains an opening for a smartphone to take a picture.
The light-box improved consistency between images (Table
S1†). The % RSD of three identical blank images of the sample
layer taken in three different ambient light settings decreased
from 19.9% without the box to 3.3% in the box.
3.4. Colorimetric Salmonella detection

A Salmonella detection assay was used to test the functionality
of the manifold. Here, Salmonella cultured in Difco nutrient
broth was diluted to concentrations spanning from 102 to 107

CFUmL�1. The results are shown in Fig. 5 (n¼ 3). The data was
t to a 4-parameter logistic curve (Equation ESI†) with a c2 ¼
13.02 (a ¼ 0.05, ccritical ¼ 15.51).55 The logistic t was chosen
because the antibody binding kinetics of the sandwich
immunoassay are the limiting steps. The LOD was calculated
by nding 3 � SD + mean of the blank and plugging it into the
t equation. An LOD of 4.40 � 102 CFU mL�1 was realized
using the manifold. In our previous entirely in-solution assay,
we found a LOD on the same order of magnitude, which
demonstrates the capabilities of our device to perform a multi-
step immunoassay on a mPAD.42
Fig. 5 Dose response curve (n ¼ 3) for Salmonella in media detected
using the rotational manifold. The curve was fit to a 4-parameter
logistic model and a LOD of 2.9 � 103 was achieved.

This journal is © The Royal Society of Chemistry 2019
3.5. Specicity and real-world samples

To conrm the specicity of our Salmonella assay, 107 CFU
mL�1 DH5a E. coli in media was tested with the device using
Salmonella specic antibodies (Fig. 6A). The low signal for E. coli
samples demonstrates the specicity of the assay. A low signal
also indicates efficient washing throughout the system as E. coli
produces b-galactosidase naturally, and any excess enzyme
would increase the signal.

Finally, the assay was run using milk spiked with Salmonella
(Fig. 6B). In milk, we found a detection limit of 6.36 � 102 CFU
mL�1. The data was once again t to a 4-parameter logistic curve
(c2 ¼ 4.13, a ¼ 0.05, ccritical ¼ 14.07) and the LOD found using
the t equations and 3 � SD + the mean of the blank. Although
the detection limit is slightly higher, the assay performed nearly
as well in milk versus growth media. The small difference in
LOD could be attributed to decreased antibody binding effi-
ciency in the rst step of the assay due to non-specic adsorp-
tion of other biomolecules in milk onto the magnetic beads.
The international microbiological criteria for dairy products
states that Salmonella should have a concentration of <1 cell per
mL.56 The only way to meet the required LOD with our device,
and any other inexpensive point-of-care system, is through
some form of pre-enrichment like culturing. Although we
believe that the rotary manifold is an innovative way to perform
Fig. 6 (A) Specificity study using E. coli at 107 CFU mL�1 compared to
blank samples inmilk, growthmedia, and a positive Salmonella sample.
(B) Dose–response curve (n ¼ 3) of Salmonella in milk detected using
the rotational manifold. The curve was fit to a 4-parameter logistic
model and a LOD of 6.4 � 102 CFU mL�1 was achieved.

RSC Adv., 2019, 9, 29078–29086 | 29083
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IMS as a rapid screening tool, further technologies will need to
be developed to meet the strict requirements of the food safety
industry.
4. Conclusions and future directions

The eld of microuidic paper-based devices has grown
tremendously over the last 10 years in academic settings. There
are many reasons for the disconnect between published works
and commercial products, but the most commonly cited argu-
ment is poor sensitivity and specicity in mPADs.14,19 Attempts to
improve these criteria are oen successful but result in assays
that are far too complicated for their intended use at the point-
of-care with untrained end-users. We believe that coupling
mPADs with other inexpensive materials could enhance sensi-
tivity and specicity without sacricing usability. In this work
we designed a 3D-printed rotational manifold to perform
multiple reagent delivery and washing steps in a sequential
order. The washings steps increase sensitivity over traditional
LFAs and the manifold ensures that the additional steps do not
infringe on usability. The manifold was used to detect Salmo-
nella, however with a simple change of reagents could be used
to detect a large host of other pathogens, proteins, and/or
biomarkers. In the future we will continue working with this
device to detect additional biomolecules in a multiplexed
format. We also recognize that although we simplied testing
and reduced manual input, the four pipetting steps still
required are not ideal. Some liquid transfer will always be
necessary in an IMS assay, however, future work will be dedi-
cated to decreasing user intervention further. For example,
work has begun to implement a motorized rotational mecha-
nism and further automate image capture and analysis with
a web-based interface. With devices like the one described here,
we anticipate an increase in new mPADs on the market.
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