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Rapid, sensitive and accurate point-of-care-testing (POCT) of bacterial load from a variety of samples can help
prevent human infections caused by pathogenic bacteria and mitigate their spreading. However, there is an
unmet demand for a POCT device that can detect extremely low concentrations of bacteria in raw samples.
Herein, we introduce the ‘count-on-a-cartridge’ (COC) platform for quantitation of the food-borne pathogenic
bacteria Staphylococcus aureus. The system comprised of magnetic concentrator, sensing cartridge and fluorescent
image reader with a built-in counting algorithm facilitated fluorescent microscopic bacterial enumeration in
user-convenient manner with high sensitivity and accuracy within a couple of hours. The analytical performance
of this assay is comparable to that of a standard plate count. The COC assay shows a sensitivity of 92.9% and
specificity of 100% performed according to global microbiological criteria for S. aureus which is acceptable
below 100 CFU/g in the food matrix. This culture-independent, rapid, ultrasensitive and highly accurate COC
assay has great potential for places where prompt bacteria surveillance is in high demand.

1. Introduction

Bacterial pathogens are common causes of infectious diseases and
food-borne illnesses. Every year, 550 million people fall ill from
consuming pathogen-contaminated food (WorldHealthOrganization,
2019). Numerous infectious diseases caused by pathogenic bacteria
account for yearly deaths of 5.2 million (Hessling et al., 2017). In some
cases, consuming food-borne bacteria can lead to deadly diseases such as
sepsis and hemolytic uremic syndrome (Vygen-Bonnet et al., 2017;
Wachi et al., 2005). In order to prevent fatalities from pathogenic bac-
teria and stop their spread, it is necessary to develop a rapid, highly
sensitive and accurate point-of-care testing (POCT) system that can
detect bacterial concentrations as low as 10 colony forming unit/mL (10

CFU/mL) or less in food homogenates or body fluids within a couple of
hours in resource-constrained or urgency-demanding environments
(Reddy et al., 2018). However, the conventional culture-based bacterial
count method for detection of food-borne pathogenic bacteria or path-
ogenic bacteria in body fluids is time-consuming, requiring 3-5 days
(Goldmeyer et al., 2008; Puttaswamy et al., 2011; Wang and Salazar,
2016).

Specifically, in the food industry there is a time gap between the
fresh food supply and inspection from samples, resulting in food
poisoning by pathogenic bacteria from uninspected products. To fill this
gap, researchers have developed a variety of methods with shortened
time for detecting food-borne pathogenic bacteria with high sensitivity
and specificity, such as nucleic acid-based (Chen et al., 2012; Nezhad,
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2014; Ryu et al., 2013; Zhou et al., 2013) and immunological-based
methods (Chaivisuthangkura et al., 2013; Kim et al., 2019). Both of
these methods have been successfully commercialized. However, the
molecular detection kits and lateral flow assay (LFA) kits currently
available still require culturing of target bacteria in liquid media as a
pre-enrichment step. To avoid this time-consuming step, other bacteria
separation and concentration methods such as centrifugation (Fukush-
ima et al., 2007), filtration (Li et al., 2013; Wolffs et al., 2006) and
magnetic-based separation (Uyttendaele et al., 2000) have been inves-
tigated. Unlike centrifugation and filtration, in which a series of con-
centration steps may decrease the recovery of bacteria (Wang and
Salazar, 2016), magnetic separation and concentration has become a
major approach due to its rapidness (Joshi et al., 2009), easy manipu-
lation (Chen et al., 2014; Poshtiban et al., 2013) and good recovery
(Yang et al., 2013), followed by development of magnetic separation
and concentration integrated with well-commercialized technologies
such as polymerase chain reaction (PCR) (Mao et al., 2016; Yang et al.,
2013) and the LFA method (Li et al.,, 2017; Stewart et al., 2017).
Although these detection methods combined with the magnetic sepa-
ration and concentration technique significantly reduce total assay time,
they are still limited by indispensable lab-related work and insufficient
detection limit. For instance, molecular detection like PCR that is
applied not only for detection of bacteria but also for genotyping and
resistance test entails elaborate volume control, skilled pipetting and
centrifugation to obtain high sensitivity and specificity, requiring
expertise of lab personnel (Luo et al., 2017). LFA is vulnerable to false
negatives below a bacterial concentration of about 1x10% CFU/mL
(Huang et al., 2019), resulting in low assay sensitivity.

To overcome such challenges, we introduce here a rapid, ultrasen-
sitive, highly accurate culture-free POCT device for detection of the
pathogenic bacteria Staphylococcus aureus based on a ‘count-on-a-car-
tridge’ (COC) platform which minimizes complex user interventions and
maximizes detection accuracy with a low detection limit. We combined
a high-throughput microfluidic-based immunomagnetic concentration
process using magnetic particles (MPs) conjugated with an antibody
probe (Jung et al., 2019) with a cartridge capable of autonomously
separating out and capturing a small number of magnetically and fluo-
rescently labeled (using a quorum-based modified autoinducing peptide
(mAIP) probe) bacteria from a great number of free unbound MPs within
a passively regulated controlled time after concentration. Since a
quorum-sensing inhibitor of AIP showed highly selective binding affin-
ity toward the accessory gene regulator C (AgrC) receptor in S. aureus
(Lyon et al., 2002), fluorescent conjugate with mAIP can be utilized as a
selective probe for species-specific identification. The concentrator and
COC device technologically complement each other because the car-
tridge acts as a medium that connects to a signal reader in a user-friendly
manner. The concentrator also helps to collect bacteria in a small sample
volume (~0.1 mL) in the cartridge, which enables manipulation and
direct observation of bacteria at a microscopic scale. The measurements
are carried out by inserting the cartridge into a compact portable fluo-
rescent image reader and analyzing the number of fluorescently imaged
bacterial cells, analogous to counting colonies on plates. Hence, the COC
platform integrated with technological components from pretreatment
to detection provides remarkable enhancement of bacterial count in
rapidness, simplified user interface and detection accuracy comparable
to standard plate counts. With the boost in speed, efficiency and re-
covery from the immunomagnetic concentrator, we achieved detection
of S. aureus in 10 mL of homogenate, diluted from 1 g of raw food
sample, with the concentration ranging from 100 to 10 CFU/10 mL
within a couple of hours in a resource-minimal setting. Therefore, our
statistical analysis assay with S. aureus-spiked ready-to-eat (RTE) food
samples, in accordance with microbiological guidelines for RTE foods
from multiple governments (FoodStandardsAustraliaNewZealand,
2018; HealthCanada, 2010) where 100 CFU per 1 g of raw food is the
criteria to discern between acceptable and unacceptable, showed a
detection accuracy comparable to the standard plate count method. The
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significance of this work is presented in Table 1.
2. Experimental procedures
2.1. Reagents and samples preparation

Conjugation of MP-SA,;, was carried out by affinity coating of protein
A (@ 0.5um) (Creative Diagnostics, USA) on MPs and, subsequently,
binding of the anti-S. aureus antibody (Abcam, USA), which is intended
to bind with target bacterial cells S. aureus Rosenbach (ATCC25923)
obtained from American Type Culture Collection (ATCC, USA). About
1.2 x 107 particles of MP-SA,, were added to 10 mL homogenate for
capturing and concentration. For concentration, the 10 mL post-
incubated mixture of MP-SA,, and homogenate was injected into the
microtubular channel of the magnetic concentrator and run at flow rate
of 40 mL/h by syringe pump (neMESYS, Germany), followed by
collection of concentrate (0.1 mL) in the microtube. Fluorescent labeling
reagent for detection was prepared with carboxylate quantum dot (QD)
525 (Thermo Fisher Scientific, USA) conjugated on mAIP synthesized
and purified from JPT peptide technologies. The QD solution of 8 pM
was reacted with an equimolar concentration of poly(ethylene glycol) 2-
aminoethyl ether acetic acid (PEG, Sigma Aldrich, Germany) in the
presence of 0.57 mg of 1-ethyl-3-[3-dimethylaminopropyl] carbodii-
mide (Thermo Fisher Scientific, USA) at 10 mg/mL, allowing conjuga-
tion of the QDs with the heterobifunctional PEG in 2 hrs of incubation at
room temperature. The QD-PEG reactant was filtered through a 0.2 pm
syringe filter and column chromatography (Econo-Pac 10DG column,
Bio Rad, Hercules, CA) for purification. Then, the mAIP was reacted with
the QD-PEG for conjugation by repeating the protocol applied to syn-
thesize the QD-PEG. 40 nM of QD-mAIP was added and incubated with
the 0.1 mL concentrate. Tryptic soy broth (TSB) and Baird-Parker agar
(BPA) for bacterial growth were purchased from Difco (UK) and egg yolk
tellurite emulsion was acquired from Oxoid (UK). The analytical profile
index (API) kit for biochemical identification of bacteria was purchased
from bioMérieux (France). 1x phosphate-buffered saline (PBS) supple-
mented with 0.1% Tween 20 and 2% bovine serum albumin purchased
from Sigma Aldrich was used for diluents and wash buffer.

2.2. Materials, design and manufacture of sensing cartridge

The following materials were used for the cartridge: CF6 and CF7
absorption pads (Whatman, USA), water-soluble tape (SUNfabric,
Korea), injection-molded plastic components for the polycarbonate (PC)
plate and black acrylonitrile-butadien-styrene (ABS) cases (Dae-jin
plastic, Korea). A custom-built stainless puncher was used for manu-
facturable tailoring of absorption and water-soluble tape. A 3D printer
(M50, MiiCraft, Taiwan) was used for building a jig that helps precise
mounting of water-soluble tape on the PC plate. For functional hydration
of the water-soluble tape, a compact ultrasonic humidifier as a consumer
electronics (0.5 L capacity) was hermetically tubed with a @ 8-mm tube
for puffing out moisture in the center of the mounted water-soluble tape.
Glycerol (99.9%, Sigma Aldrich) was diluted to 80% and 30 pL of the
solution was pre-filled in the incubating space of the cartridge before
sample input. The incubating space was designed to have a high aspect
ratio that contains ~130 pL of volume with the tight base conformable
to the microscopic field of view (FOV) of 1.45 mm x 1.73 mm (width x
length).

2.3. Hardware and software design of fluorescent image reader

The fluorescent microscopic module was obtained from f1 single
compact microscope (Nanoscope Systems, Korea) to rebuild and
customize the fluorescent image reader. At the side of the reader, a
cartridge loading slot for insertion was guided with a fixed rail for
precise in and out movement as well as the location where the region of
the interest (ROI) to be focused in the incubation space of the cartridge is
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Table 1
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Significance of this work in comparison with the recently published reports for the detection of bacterial pathogens.

Test method CcocC Colorimetry on LFA  PCR with hand-powered nucleic acid Impedimetry in microfluidic
isolation device
Detection target Staphylococcus Listeria Brucella ovis Salmonella typhimurium
aureus monocytogenes
User-convenience High High Low High
Total assay time (preparation and detection) over 10 77 min >8 hrs 60 min 60 min
mL sample
Limit of detection 1 CFU/mL 53 cells/mL 1 CFU/mL 300 cells/mL
Diagnostic accuracy with low cut-off value (100 CFU/ AUC: 0.985 N/A N/A N/A
10 mL)
Reference This work Tasbasi et al. (2019) Zhao et al. (2019) Liu et al. (2019)

pre-defined and center aligned with the microscope for reliable image
acquisition in repeated tests. For the electronic control optical module,
electronic components and parts were purchased from Hardkernel
(Korea). A circuit was designed by KiCad and prototyped for control
board as a minicomputer by utilizing ODROID XU4 wired to a touch
screen module, light emitting diode (LED) and complementary metal-
oxide semiconductor (CMOS) camera with inter-components optimiza-
tion for the device operation of fluorescent image acquisition, image
processing and result report. A Linux-based application software algo-
rithm of image processing for fluorescent bacteria counting was written
with OpenCV 3.4.1 library. Implementation of the image processing
algorithm follows the procedure described below.

2.3.1. Capture

A fluorescent image is captured by the camera mounted on the mi-
croscope. In the capture process, the captured image consists of 24-bit
RGB 3 channels; an 8-bit green channel is used in this paper because
the spectral response of the green channel contains most of the wave-
length of the fluorescent light.

2.3.2. Noise filtering

In the capture process, the dark noise (Nakamura, 2005) by the
electrical characteristic on the image sensor causes random noise in the
captured image. This can affect the counting algorithm and minimiza-
tion of the noise is necessary. Here, a bilateral filter (Tomasi and Man-
duchi, 1998) is applied to the image to minimize the random noise.

2.3.3. Binarization

After noise filtering, the noise in the image is minimized and only the
fluorescent dots remain. To discriminate the region of fluorescent dots
and background, the binarization process changes the pixel value to 0 or
1 according to the empirically selected threshold level. The binarized
pixel value is set to 1 if the corresponding image pixel level is higher
than the threshold, otherwise the binarized pixel value is set to 0. After
the binarization process, the binarized image contains two levels of pixel
values (1 and 0) and each value represents the region of fluorescent dots
and background, respectively.

2.3.4. Boundary detection

The boundary detection of each fluorescent dot is necessary to check
its size and the number of bacteria. In this paper, the Suzuki and Abe
(Suzuki and be 1985) boundary detection algorithm was applied to the
binarized image. After the boundary detection process, the pixel posi-
tions of each boundary are stored, and can be used to count the number
of fluorescent dots which represent the place of bacteria.

2.3.5. Bacteria counting

In this paper, the number of bacteria was calculated by the sum-
mation of the number of fluorescent dots in the binary image with the
boundary detection method. In certain cases, several fluorescent dots
can overlap, and the boundary detection algorithm recognizes this as a
single dot. To count the overlapped dots correctly, the size of each

boundary was also calculated by accumulating the number of pixels
inside each boundary, respectively. In the middle of the counting
method, each boundary size is divided by the pre-defined unit boundary
size and the result should be 1 if the boundary size is similar to unit size.
In overlapped boundary cases, the result should be the same as the
number of dots in the overlapped boundary because its size is bigger
than the unit boundary size. In this manner, the total number of bacteria
can be counted as follows: F = {F;,F,, ..., Fx} is the set of each fluores-
cent dot in the image, and K is the number of dots. Each fluorescent dot
can be defined by the set F; = {(x,yi1), (Xi2,¥i2), ---, (Xis,Yis) }, where i is
the index of the corresponding dot and (x;, y;) is the pixel position index
at the place of the ith dot. j is the number of pixels in the set F;. If there
are the arbitrary set F; and F;, F;NF; = @ is satisfied. Finally, total

number of bacteria can be calculated by (total number of bacteria) =

unit

Zf{:l ’;\_F:\“ , where |Fi|is the cardinality of the set F;, and fn;is the coef-

ficient of pre-defined unit size which can be determined by empirical
measurement of fluorescent dot size. [.-] is the ceiling operator.

2.4. Preparation of spiking samples

For the quantitative assay, S. aureus were grown in 100 mL of TSB up
to the mid-exponential growth phase, reaching an ODgoo of 100 pL to
0.05, and 1 mL aliquots of bacteria containing 1 x 10’ CFU were diluted
to desired spiking levels. 1 g of RTE tofu salad mixed with 9 mL diluent
was homogenized by a stomacher (BNF KOREA, Korea) in a Whirl-Pak
bag (Nasco, USA) and collected after filtration inside the bag. Spiking
bacteria were then added to the 10 mL homogenate. The actual bacterial
number at the desired spiking level was confirmed by plate counts on
BPA agar plate and decided by average in triplicate while operating the
COC device with the same spiking levels. For the selectivity test, E. coli
(ATCC8739) and S. enterica (ATCC13311) were separately cultured on
nutrient agar (Difco) plate and a colony of each strain was taken and
serially diluted 10-fold with 3 times for spiking and use.

2.5. Statistical analysis of assay results

For every run of the COC assay with spiked samples, the detection
results reported on the screen of the fluorescent image reader were
recorded, compiled into Excel (Microsoft, USA) and compared to the
result from plate counts in triplicate with the same spiking levels of the
tested samples. SPSS (IBM, USA) and MedCalc (MedCalc Software,
Belgium) were used for Passing-Bablok regression and Bland-Altman
plot, respectively, with a confidence interval (CI) of 95%. ROC curve
analysis as well as calculation for sensitivity and specificity of the assay
was carried out.

2.6. Sample preparation and characterization with electron microscopy

The reagents used in preparation for electron microscope imaging
were purchased from Sigma Aldrich. For field-emission scanning
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electron microscope (FE-SEM) (JEOL, Model JSM-6500F, Japan) imag-
ing of MP-SA,p-S. aureus complex, the magnetic concentrate was placed
on nitrocellulose mixed ester membrane filter with the pore size of 0.2
pm (STERLITECH, USA) after fixation in the 2% glutaraldehyde mixed
1x PBS solution with pH 7.4 for 30 min at room temperature. 30%, 50%,
70%, 90% and 100% ethanol were placed in turn for dehydration, fol-
lowed by overnight air-drying. For transmission electron microscope
(TEM) (FEL, Talos L120C, Czech) imaging of the complex of MP-SA -
S. aureus-QD-mAIP, the magnetic concentrate reacted with QD-mAIP
was fixed and dehydrated in the 1 mL microtube using the same re-
agents for SEM imaging. At the each step, the centrifugation of 5000 rpm
for 10 min was implemented for pelleting the sample. After dehydration,
ethanol inside the sample had transition to propylene oxide and the
sample was embedded in spurr’s resin, followed by overnight poly-
merization at 70 °C. The polymerized stick with the sample at the tip was
sliced in 100 nm thickness by using ultramicrotome (Leica, EM UC7,
Germany).

3. Results and discussion

3.1. Testing procedure and advantages of the count-on-a-cartridge
platform for assays of food-borne bacteria

Typical food-borne bacteria detection in quantification mode re-
quires inoculation of diluted homogenate sample on laboriously pre-
pared agar plates, an incubation period of over a day and further tedious
labor-intensive identification with additional incubation, which is car-
ried out over several days (Fig. 1A). The workflow of our newly devel-
oped bacterial COC assay is shown in Fig. 1B. The whole volume of 10
mL homogenate prepared from stomaching of tofu salad spiked with
S. aureus is mixed with MP-S. aureus antibody (MP-SA,p), prepared ac-
cording to the scheme in Fig. 1C for magnetic capture and concentration
of S. aureus, for 40 min. Then, the 10 mL mixture of MP-SA,}; and un-
bound free MPs is concentrated to 0.1 mL (15 min) for introduction into
the cartridge. For selective detection and species-specific identification,
a green-emitting quantum dot (QD) conjugated with mAIP (QD-mAIP)
(Fig. 1D), which is specifically bound to AgrC, a membrane-bound his-
tidine kinase, on the cell wall of pathogenic S. aureus for fluorescence
labeling (Fig. 1E) is mixed with MP-SA,}, concentrate (15 min). This is
then transferred to the sensing cartridge, and MP-SA,;, bound with QD-
mAIP is autonomously separated from free MPs using the pre-filled high-
viscosity glycerol solution within a self-terminating incubation time (15
min). Finally, the incubation-terminated cartridge is inserted into the
cartridge loading slot in a fluorescent image reader and the reader re-
ports the count of fluorescent bacterial cells held by a hard magnet
within the field of view on the cartridge via algorithm-processed image
analysis (2 min).

Due to the concentrator device configuration, in which vertically-
wound microtubular fluidic channels integrated with magnetic manip-
ulation give the bacteria a quick ride in the concentrating step (Jung
et al., 2019) and the sensing cartridge removes a great number of un-
bound MPs, leaving the bacterial cells which are bound with QD-mAIP
probes for fluorescence imaging and quick passive counting of bacte-
ria cells, a total test time for sample-to-answer within 2 h is possible with
minimal user-intervention and use of lab instruments. Imaging of
sectioned complex of bacterial cell with MP-SA,p, and QD-mAIP char-
acterized by transmission electron microscopy indicates the binding of
QD-mAIP and MP-SA,, on the surface of bacterial cell (Fig. 1F).

3.2. Development and testing of the count-on-a-cartridge (COC) platform

Disposability, reliability and user convenience were primarily
considered for development of the bacterial COC for its on-site opera-
tion. The design of the cartridge was based on the use of low-cost ma-
terials and reliability of the end product. The materials used for the
cartridge are listed in Fig. 2A. Briefly, the cartridge is assembled by
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putting a cylinder magnet of 1 mm x 1 mm (diameter x height) in the
fitting space between the bottom case and transparent polycarbonate
(PC) plate (2.5 cm x 2.5 cm) where water soluble tape with a center hole
(hy) is axially attached on the plate and above it an absorption pad with
a center hole (hy) (hy > h; in diameter) is aligned through the top and
bottom case. Plastic components such as the PC plate and cartridge case
were produced by an injection molding method, resulting in a total cost
of USD 0.5 per unit, robustness of performance, and manufacturability.
Previously developed user-friendly cartridge concepts (Lee et al., 2019)
have been enhanced in this work in terms of lab-less functionality, which
provides not only a self-terminating incubation time but also passive
removal of unbound MPs through magnetophoresis in a high-viscosity
glycerol solution.

To facilitate magnetophoretic removal of free MPs for successful
imaging of bacterial cells, it is important that the glycerol solution be
controllable like water within a certain time for separation of magnet-
ically and fluorescently labeled S. aureus cells from free MPs on the
cartridge. Pristine water-soluble tape, the key material for passive con-
trol of sample incubation time in the cartridge, is responsive only to
water and not to the glycerol solution for 20 min. This is because the
capillary action of water (lower viscosity) occurs easily through disin-
tegration of the tape material but the glycerol solution (much higher
viscosity) can hardly get through the material by capillary action, as
explained by other literature (O’Loughlin et al., 2013; Washburn, 1921).
A way for the glycerol solution to traverse the tape within 15 min is to
create bigger capillaries on the surface of the material so that the
capillary flow velocity can be dramatically increased. Fig. 2B shows the
process of creating bigger capillaries. The water soluble tape with h;
attached and aligned at the center of the PC plate in the cartridge is
hydrated with a humidifier to disintegrate its tissue, followed by over-
night drying for the completion of microchannel formation, which is
confirmed in before-and-after microscope images in Fig. S1.

Since passive control of the glycerol solution is possible, the cartridge
can utilize the vertically applied magnetic attraction that separates MP-
SAgp from free MPs in the glycerol layer during the incubation between
finishing (tgnish) and starting time (to), as well as drain unbound MPs
from the area above the hard magnet in the chamber of the cartridge, as
shown in Fig. 2C. Tests with three reliably working cartridges proved the
drainage of the contents after the self-terminating incubation time
(Fig. 2D). To reveal the fluorescently labeled MP-SA,}, attracted by the
bottom magnet and captured on the surface of PC plate, the optimum
load of MPs that has maximum throughput for the removal capacity of
free MPs was empirically optimized. Otherwise, the fluorescent bacteria
cells are buried in the greater number of free MPs and the fluorescent
signal is lost. Removal efficiency of free MPs is strongly dependent upon
capillary wicking rate of the absorption pad. With the amount of MPs
used for concentrating 10 mL homogenate sample to 0.1 mL concen-
trate, an absorption pad with a wicking rate of 35 s/4 cm (where the rate
is expressed as the time for liquid to move through 4 cm of the material)
showed the best performance for the removal of free MPs (Fig. S2).
Notably, in the necessity of changing wicking rate according to different
load or size of MPs, an absorption pad with different porosity that affects
capillary capacity would be selected by considering needs for manipu-
lation of the wicking rate. After washing the fluorophore residue by
drips of washing buffer, fluorescent S. aureus cells are ready to be
counted with fluorescent imaging as if colony counting on agar plates,
sheathed by a 0.3-mm-deep trench with a diameter of 1.5 mm at the
center of PC plate (Fig. 2E). The selectivity was confirmed with the
detection tests by adding Gram-negative bacterial strains such as E. coli
and S. enterica to S. aureus (Fig. S3). In the case of detecting other bac-
terial strains, the optimization according to specific strain is required
and it would include the selection of an antibody as a capture probe and
a selective fluorescent labeling molecule as a detection probe.

By integrating complex functions in the sensing cartridge that are
passively operative, handling of the testing workflow is enhanced in a
user-friendly manner. Otherwise, steps like sample incubation and
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Fig. 1. Comparison of the assay flow for selective bacteria detection between the conventional method and the count-on-a-cartridge assay with magnetic and
fluorescent probes. (A) The quantitative plate count, the gold standard, for bacteria detection. The homogenate is placed on a selective agar plate and incubated
overnight for bacterial growth and colony visibility. Preparation of culture medium and spreading the sample on the plate is labor-intensive and must take place in a
lab environment with a clean bench and incubator. (B) Homogenate sample mixed with MP-SA,}, is transferred to the microbial magnetic concentrator and
concentrated to a low volume for the count-on-a-cartridge assay. QD-mAIP is loaded in the bacterial concentrate for highly specific fluorescent labeling and
identification of S. aureus. Labeled bacterial concentrate is introduced into the sensing cartridge with pre-filled glycerol where free MPs are passively removed in a
self-terminating time, leaving MP-S. aureus-QD captured on the sensor surface. After dropping 10 pL of washing buffer, the user inserts the cartridge into the loading
slot in the fluorescent image reader for fluorescent image acquisition and analysis of quantitative counts of fluorescent S. aureus. The whole process is finished in less
than 2 h and the user can transfer samples by pipetting without lab tools like a clean bench or incubator. (C) Protein A coated MPs were attached with the anti-
S. aureus antibody to synthesize MP-SA,p. (D) The mAIP probe was conjugated with QD using heterobifunctional polyethylene glycol (PEG) to obtain QD-mAIP. (E)
QD-mAIP specifically binds to accessory gene regulator C (AgrC) receptor expressed in the cell membrane while SA,;, binds to the surface of S. aureus cells. (F) 100-
nm-thick section of the complex of S. aureus conjugated with MP-SA,;, (white arrow) and QD-mAIP (green arrow) was characterized by transmission electron mi-
Croscopy. The scale bar is 200 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Assemble Water soluble tape

*

| |
‘ Hydration
\ — Swollen with disintegration

/ Poie) 9@ (el

Cartridge top case

PC chip
Absorption pad

‘Water soluble tape

i m
\ PC chip
Magnet Microchannels formed ‘ Drying
Cartridge bottom case m

C D  Green-colored

glycerol 3
Free MPs I

‘Washing -
buffer

2.3 cm
€

2 cm

Fig. 2. Development and testing of the count-on-a-cartridge platform. (A) 3D visualization of material components of the cartridge. (B) Procedure to form
microchannels for the highly viscous glycerol solution to facilitate capillary action. (C) Autonomous operation to control self-terminating incubation time for
separation of magnetically and fluorescent labeled S. aureus from free MPs on the cartridge. i) - ii) Vertical magnetic attraction of magnetically and fluorescent
labeled S. aureus for separation from free MPs during tgpnish - to. iii) Horizontal flow force draining all contents outwards leaving captured fluorescent S. aureus at tgpish-
(D) Image of absorption pads of three devices after time of termination in series that shows working reliability. (E) Fluorescent image shows that fluorescent S. aureus
cells are ready for counting on the surface of cartridge. The inset is the same view imaged in bright field mode. The scale bar is 100 pm.

particle separation would require labor-intensive, hands-on lab work and integrated COC testing platform are listed in Table S1. The cartridge
such as repetitive pipetting and centrifugation. is inserted into the loading slot (left panel, Fig. 3A). The trench with a
diameter of 1.5 mm on the cartridge is focused in the microscopic FOV

3.3. Set-up of the fluorescent image reader and imaged in fluorescent mode (Aex = 460 nm, Aeyy = 525 nm) with a
bandpass filter of 525/10 nm. Fig. 3B shows how the fluorescent image

The custom-built fluorescent image reader was made of a compact of the bacteria cells is analyzed to count the number of bacteria by
fluorescent microscope module (100x magnification) with a CMOS applying a built-in image processing algorithm that includes noise
image sensor (CIS) digital camera with a blue LED as a light source filtering, binarization, boundary detection and size-distinguishable
(wavelength of 465 nm), electronics for system control, loading slot for ~ bacteria counting. The description in Fig. S5 helps to clarify the
cartridge insertion, housing with a black metal case 30 cm x 10 cm x 10 methods for the imaging processing algorithm for bacteria cell counting.
cm (height x width x depth) and a touch screen with a computing As designed in the user interface (UI) state diagram (Fig. S6), the anal-
module at the side that is connected to the camera and wired to the ysis software was built for the user to operate the detection procedure
power supply. Further information on the hardware is shown in Fig. S4. (Fig. 3C). After insertion of the cartridge into the reader, the user taps
All the hardware components used for building fluorescent image reader the ‘Bacteria measurement’ menu and then the ‘capture’ menu to take a
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Fig. 3. Acquisition step of detection signal for the
count-on-a-cartridge assay. (A) Insertion of the
incubation-terminated cartridge into the loading slot
of the fluorescent image reader. (B) The procedure of
a series of image processing algorithms applied on
the taken image for fluorescent bacteria counting.
(C) Photograph of the detection operation. i) User

taps “Bacteria measurement” at the Main menu on

Fluorescent
Measurme

Device
Ver. 20190712

Record List

JEluorescenlimagefacquisition)

fluorescent image with preset optical settings such as light source
output, exposure time and signal gain to process the analytic algorithm,
followed by the result report for the bacterial count on the screen.
Fluorescent images for the quantification report of COC detection results
with high and low spiking levels are visualized in Fig. S7.

3.4. Statistical characterization and accuracy test of count-on-a-cartridge
platform using a homogenized food sample in comparison with the plate
count method

For performance characterization of the bacterial detection assay
from a raw food sample based on the COC platform by combining
immunoconcentration of its homogenates (Fig. S8), the recovery rate of
bacteria from the magnetic concentrator in the lower range of bacterial
spiking concentration was first confirmed. This is required for deter-
mination of recovery rate in the front-end of the system, magnetic
concentrator-to-sensing cartridge, and application of the system for
practical use for S. aureus detection in accordance with global criteria for
RTE food, which is 100 CFU per 1 g of raw sample. In light of homog-
enization that is proceeded with 10 times dilution per input of raw
sample, the bacterial spiking was prepared in a total volume of 10 mL of
homogenized food sample (9 mL diluent with 1 g raw food sample).
Three different spiking samples in 10 mL were concentrated to 0.1 mL
with the magnetic concentrator and then plate-cultured in triplicate. As
summarized in Fig. 4A and Table S2, the results confirmed that the
average count difference between before- and after-magnetic concen-
tration is 9 to 10 on average at low spiking levels, 67, 103 and 182 CFU/
10 mL, resulting in a recovery rate of 85%, 91.2% and 94.7% with
relative standard deviations (RSD) of 8.7%, 6.5% and 2.3%, respec-
tively. The latter part of the system, the sensing cartridge-to-fluorescent
image reader, was characterized with statistical validation of the car-
tridge if the self-terminating incubation time and bacterial recovery at
low spiking levels are reliable. After testing 26 cartridges with S. aureus-
spiked food samples of 0.1 mL concentrated with the magnetic
concentrator from a 10 mL volume containing 110 cells, we found that
the self-termination time is on average 805 s with a standard deviation
of 75 s and a RSD of 9.3%. The recovery rate of the whole process of the
COC assay was consistently measured as 91.1% with RSD of 2.4% on
average over cartridge operations (Fig. 4B and Table S3).

We conducted statistical analytical assays and accuracy tests for 44
different S. aureus-spiked samples with an initial homogenate volume of
10 mL, which were prepared as described in the experimental section, in
order to assess whether the analytical performance of the COC platform
is comparable to that of the conventional plate count method. Table S4
shows the statistical analytical assay data from both methods, verifying

the touch screen. ii) User acquires a fluorescent
image with preset configurations such as light power
output, camera exposure time and signal gain by
tapping “Capture”. iii) Counted bacterial number is
reported and displayed with the raw fluorescent
bacteria image after processing image by the
embedded algorithm.

the recovery rate at each spiking level. Based on the detection results,
very close agreement between the two methods was observed in the
Passing-Bablok (Passing and Bablok, 1983) and Bland-Altman (Martin
Bland and Altman, 1986) analysis presented in Fig. 4C and D, respec-
tively. In the Passing-Bablok analysis, the results showed an intercept A
value of -9.51 as systematic differences with a 95% confidence interval
(CD) of -12.13 to -9 and a slope B value of 1.014 as proportional differ-
ences with a 95% CI of 1 to 1.04 (Fig. 4C). The cumulative sums
(CUSUM) test for linearity indicated no significant deviation from
linearity with P > 0.05, where a P value in the CUSUM test less than 0.05
indicates significant difference from linearity between two sets of data,
which is not suitable for a conclusion on agreement between two
methods (Bilic-Zulle, 2011). The Bland-Altman analysis presented a
mean difference of -8.7, within the limit of agreement, which is defined
as the mean difference plus or minus 1.96 times the standard deviation
of the differences in comparison (Fig. 4D). The accuracy of the COC
assay for the whole testing procedure from homogenate sample to
concentration to detection was evaluated with the cut-off value of 100
CFU/10 mL (homogenate sample), judging true or false diagnosis by
detection results of plate counts with the samples with the same S. aureus
spiking levels with observance of the criteria of 100 CFU/1 g (raw
sample). On the interactive plot shown in Fig. 4E, finding two
false-negatives, the sensitivity and specificity of COC assay were 92.9%
and 100%, respectively. Based on the receiver operating characteristic
(ROC) curve analysis, the obtained area under ROC curve (AUC) was
0.985 for the COC assay (Fig. 4F), which indicates accurate diagnosis
and high comparability with the standard plate count method in
accordance with global food criteria for food-borne S. aureus.

The recovery rate throughout consecutive stages of concentration
and COC detection, which can be caused by undesired loss of bacterial
cells from the original number, affected false negatives. The proven
recovery rate of the bacteria over the whole COC assay from 10 mL of
bulk homogenate (homogenized from 1 g of food sample) to microscopic
FOV on the cartridge, guided by magnetic manipulation and identified
by fluorescent marks, necessarily secured the detection accuracy in the
setting of the same cut-off value as the global criteria. Furthermore, the
COC assay achieved quantitative, identifiable and species-specific
detection of bacteria at much lower spiking levels than the cut-off,
down to 10 CFU per 10 mL (1 CFU/mL), with a compromised recov-
ery rate of 10% (Table S4). The outcome envisioned that precise mag-
netic control of bacterial collection with advanced imaging engineering
providing the imaging capability of a single bacterial cell can contribute
to accurately monitor extremely low levels of S. aureus. Further efforts to
improve the recovery rate of bacteria during a series of steps including
capturing, concentrating and detecting bacteria from the raw food
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matrix can possibly increase the specificity of the assay by minimizing
false negatives.

4. Conclusions

The COC assay platform demonstrates a novel approach for POCT of
S. aureus that is carried out culture-independently within a couple of
hours and gives highly sensitive and accurate enumeration comparable
to the conventional plate count method. The assay platform gives a
quick method for bacteria to be collected in smaller volume from a large
volume of homogenate and reduces assay time from a couple of days to a
couple of hours with a simple and species-specific fluorescent identifi-
cation based on the quorum-sensing system of the bacteria. The high
recovery rate of the bacteria from bulk homogenate sample to micro-
scopic FOV on the cartridge greatly contributes to minimization of false
signals and, in turn, gives statistically accurate results. Furthermore,
passive handling of concentrated bacteria on the cartridge as well as
signal readout using a portable fluorescent imager for direct observation
of fluorescent bacterial cells provide great improvements in user con-
venience. The potential reach of our work could be extended from food
to blood samples where time between recognition and decision to treat
for infection needs to be shortened, being attractive for a wide range of
applications in resource-constrained or urgent situations.
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