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Abstract

An animal cell-based biosensor was investigated to monitor bacterial contamination in an
unattended manner by mimicking the innate immune response. The cells (RAW 264.7 cell
line) were first attached on the solid surfaces of 96-well microtiter plate and co-incubated in
the culture medium with a sample that might contain bacterial contaminants. As Toll-like
receptors were present on the cell membrane surfaces, they acted as a sentinel by binding to
pathogen-associated molecular patterns (PAMPs) of any contaminant. Such biological
recognition initiates signal transmission along various pathways to produce different
proinflammatory mediators, one of which, tumor necrosis factor-o. (TNF-a) was measured
using an immunosensor. To demonstrate automated bacterium monitoring, a capture antibody
specific for TNF-a was immobilized on an optical fiber sensor tip and then used to measure
complex formation in a label-free sensor system (e.g., Octet Red). The sensor response time
depended significantly on the degree of agitation of the culture medium, controlling the
biological recognition and further autocrine/paracrine signaling by cytokines. The response,
particularly under non-agitated conditions, was also influenced by the medium volume,
revealing a local gradient change of the cytokine concentration and also acidity, caused by
bacterial growth near the bottom surfaces. A biosensor system retaining 50 pL medium and
not employing agitation could be used for the early detection of bacterial contamination. This
novel biosensing model was applied to the real-time monitoring of different bacteria, Shigella
sonnei, Staphylococcus aureus, and Listeria monocytogenes. They (< 100 CFU/mL) could be
detected automatically within the working time. Such analysis was carried out without any
manual handling regardless of the bacterial species, suggesting the concept of non-targeted
bacterial real-time monitoring. This technique was further applied to real sample testing (e.g.,
with milk) to exemplify, for example, food quality control process without using any

additional sample pretreatment such as magnetic concentration.

Key words: animal cell-based  biosensor, non-targeted bacterium  biosensing,

proinflammatory mediators, unattended real-time monitoring
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Introduction

Bacterial infection of the human body can cause various diseases: as many as 76 million
cases per year in United States alone, resulting in hospitalization of 325,000 people and 5,000
deaths !. As the invasion can be mediated via different routes, such as food intake, inhalation,
and skin dermatitis *, efficient testing techniques for the presence of the microorganisms in
food products and the environments have been investigated *. The food industry has invested
much effort, not only for screening products contaminated with specific typical pathogenic
bacteria *, but also for controlling total bacterial numbers generally below a threshold value.
Nevertheless, new or mutated microorganisms can ordinarily emerge, which can affect food
safety, directly affecting human health, and even increase the dangers of bioterrorism . Thus,
bacterial contaminations would preferably be monitored in an unattended manner and with a

high sensitivity to a broad spectrum of different target organisms.

Real-time monitoring is an unattended biosensing technique that can rapidly provide
analytical results for the presence of bacteria in a sample °. Typical examples are the
continual detection of biochemical products in bacterial culture ’ or nucleic acid products via
the polymerase chain reaction (PCR; *). Biochemistry-based detection depends on the distinct
metabolisms of bacteria, resulting in different compositions of enzymes secreted into the
culture medium °. The presence of particular enzyme(s) in the medium can be determined by
colorimetric reaction(s), indicating positive or negative results. As each bacterium has a
genome unique in nucleic acid sequence, amplified products, via PCR, can also be used for
the identification of target microorganism '’. This technique has further been developed to
real-time monitoring of the product '' but may be limited by the pre-cultivation required for a
traceable bacterium '*. Although real-time monitoring technologies have been developed for
commercialization, multiplexed detection is limited to a small number of bacteria because the

assays target selective markers linked to the analytes.

Non-targeted detection for mixed bacteria can readily be achieved using animal cells, such as
macrophage and epithelial cells, which are specifically differentiated for the innate immune
response of the body 3. The cells contain cell surface receptors (e.g., Toll-like receptors;
TLRs) playing the role of sentinel against external invasion by recognizing pathogen-

associated molecular patterns (PAMPs; '*). Such bindings lead to dimerization of the receptor
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molecules and could offer a high affinity system for foreign entities '°. The binding signal is
transferred to the endoplasmic side of the cell, eventually activating nuclear factor-xB (NF-
kB) such that transcription of genes encoding proinflammatory mediators occurs '®. The
mediators including, typically, cytokines such as tumor necrosis factor-o. (TNF-o) and
interleukin family members, are produced and secreted from the cells. These are propagated
to neighboring cells to alert the invasion (i.e., paracrine signaling '") and also to activate the
immune status against the stimulation, which further involves the enhancement of cell surface
receptor density (i.e., autocrine signaling '*). In the case of live bacteria, this stimulation
increases in number as time goes on and, therefore, the stimulation size experienced by the
host cells is also augmented. This event gradually amplifies the proinflammatory signal by

C e . . . 19
synergistic interaction between grown bacteria and cellular receptors .

We have used the innate immune response of mammalian cells for the real-time monitoring
of microbes contaminated in, for example, food, the environment, and human blood during
surgery »°. To this end, a biosensing system for bacterium was devised by incorporating a
label-free immunosensor for a cytokine (e.g., TNF-a) into the animal cell (e.g., macrophage
cell line; typically, RAW264.7)-grown culture that contained a test sample (Fig. 1). When the
sample contained even a traceable amount of microbe, it could expand in the culture medium
2% and stimulate the cells growing on the container surfaces (Fig. la). The interaction between
the analyte and the cell-surface receptors, TLRs, could occur and result in the production of
cytokines, as mentioned above (Fig. 1b). TNF-a as a target cytokine can be detected using
the capture antibody, specific to the inflammatory mediator, which was immobilized on the
tip of optical fiber sensor, sensitive to mass accumulated on the sensor surfaces (Fig. 1c).
Such label-free sensing enabled us to monitor in real time the cytokine concentration, for
which the initial detection time will be inversely proportional to the microbial titer present in
the sample medium. The detection capability can be enhanced by employing an additional
antibody (the detection binder) to TNF-a., binding to the same analyte molecule together with

the capture antibody in a sandwich form.

The real-time monitoring technique was characterized in this study towards performance-
controlling factors during the analysis of bacterial contamination of food in an unattended
manner >'. To this end, a murine cell line, RAW264.7, originated from murine macrophages,

was used as the host cell because cytokine signaling is potent relative to other cells and

4
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human cell lines **. Upon infection, TNF-a is one of the cytokines produced from the cell
line early and in a significant amount ». Shigella sonnei (S. sonnei), Staphylococcus aureus
(S. aureus), and Listeria monocytogenes (L. monocytogenes), known as common

. 24 . .
contaminants ~°, were selected as the infectious agents.

Materials and Methods

All reagents used in this study were of analytical grade and are listed in the Supplementary
Information. Although experimental details are also described in Supplementary Information,

procedures are outlined in the Results and Discussion.

Results and Discussion

Real-time Infection Monitoring using an In vitro-Innate Immune System

Secretory cytokine detection. We first tested the detection capability of the immunoassay
whether it could detect TNF-a secreted from animal cells upon infection. The RAW264.7
cells were initially attached for growth on the culture container surfaces at about 50%
confluency. S. sonnei (234+£34 CFU/mL) was used to infect the animal cells placed within
either the ordinary incubator or the sensor system (maintained at 36°C) with Octet Red. The
microorganism and cytokine produced were determined quantitatively using a traditional
colony assay technique and a commercial ELISA kit for mouse TNF-a, respectively (Fig. S1,
a). The production pattern of TNF-o was close to the growth pattern of the bacterium
regardless of the incubation means, indicating that the cytokine secretion was directly related
to the bacterial stimulation. At the earliest stage of increase, the cytokine concentration in the
culture container was approximately 1.28+0.11 ng/mL or lower, consistent with a result

reported previously 2.

The TNF-a level was further detected using a label-free technique to support the analytical
concept. To this end, a defined amount of cytokine was added into an identical culture
container to that shown in Fig. 1 except for the absence of animal cells. The signal was then

monitored in the sandwich complex formation-based manner on the label-free immunosensor
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against time (Fig. S1, b). The binding signals obtained at different doses of TNF-a revealed
that the minimum detection limit of the sensor was about < 1.25 ng/mL (see the standard
curve in the inset). This indicated that the cytokine secreted from the host cells upon infection

could be detected via label-free biosensing.

Performance characterization. The biosensor format shown in Fig. 1 was first characterized
using a 200-uL culture volume towards analytical performance, particularly, the earliest
detection time of infection. Among experimental conditions that may affect sensor
performance, the stirring rate was selected as a primary controlling factor because it could
significantly affect the interaction between TLRs of the host cells and PAMPs on the
bacterium. The host cells (200 puL of 1x10* cells/mL) were initially immobilized on the
culture container bottom surfaces and grown for 2 days. After removing the medium, the
standard samples of S. sonnei as the infectious agent were then separately added concurrently
with the transfer of the detection antibody to the cytokine. The immunosensor prepared by
immobilizing the biotinylated rabbit antibody on the label-free optical fiber sensor via
streptavidin-biotin linkage was placed within the solution. TNF-a production was monitored
continuously within the Octet sensor system under different stirring rates, varied using the

orbital shaker installed inside.

The biosensor revealed distinct response patterns according to the shaking speed, although
the time-response sensorgram showed some drift during monitoring (Fig. 2). At high agitation
(e.g., 600 rpm), the signals for the respective standard samples were increased from the
baseline after different incubation times (Fig. 2, a). The response times were inversely
proportional to the bacterium titer in a range > 1x10° CFU/mL and then reached a similar
maximum intensity. On the other hand, the sensor response pattern at a slower agitation speed
(e.g., 300 rpm) was significantly changed in the high titer range in which the maximal signal
intensity was elevated as the infection dose was reduced, down to 1x10* CFU/mL (Fig. 2, b).
The signal could even be measured for the sample containing the order of 10 CFU/mL, which
was not detectable with the higher agitation (see the curve colored in yellow). Without
shaking, both phenomena, signal amplification at lowered doses and sensitivity enhancement,
were seen more clearly, and a sample containing about 10 CFU/mL bacterium was detected at

<10 h after inoculation (Fig. 2, c).
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Rate-controlling steps. As mentioned earlier, cytokine secretion may be promoted mainly
through the following double circuits: stimulation by the bacterial growth in an auto-catalytic
manner > and autocrine/paracrine signaling via cytokine propagation *°. Between the
pathways, the rate-controlling step for the sensor response may vary depending on the stirring
rate of the culture medium. When the stirring was vigorous (e.g., 600 rpm), the bacterium
grown in the culture did not settle on the bottom of the container (process A-1 < A-2; Fig. 3)
and the expansion was not retarded. The TNF-a secreted from the host cells (process B-1)
may also be transferred away into the bulk solution rather than accumulated on the bottom
surfaces to take part in signaling to neighboring cells (process B-2 < B-3). Thus, the cytokine
production during the initial time period can be affected primarily by the bacterial growth,
and abruptly increased as soon as the exponential growth phase is entered (see the left panel
of Fig. 2 and below for details). This action alone of the bacterial stimulation circuit could

consequently worsen the detection capability by more than 10° CFU/mL.

However, as the agitation was reduced or not used, as the extreme condition, the secreted
cytokine could stay longer in the diffusion layer close to the bottom surfaces where the host
cells were growing (process B-2 > B-3; Fig. 3). This will enable the cytokine to participate in
various autocrine/paracrine signaling pathways mentioned earlier *°. The bacterial expansion
could also effectively promote cytokine production under such conditions because the
bacterial particles settle down to the bottom. This will increase the local density, which
expedites both the growth itself and infection of host cells. Because both circuits can now
contribute the cytokine production in synergistic manner, the signal can eventually be
detected even for the stimulation with a barely traceable bacterium (e.g., 10 CFU/mL
bacterium; refer to the yellow curve in the right panel). The bacterial growth on the bottom
layer, nevertheless, can cause local environmental change (e.g., high acidity) due to active
metabolism of the growing bacterium, which will be discussed in the section below

describing the medium volume effect on performance.

Establishment of Experimental Biosensor Models

Besides the agitation rate of culture medium, there could be other physical factors, such as
volume of the medium, geometry of the container, and arrangement of the system

components, that affect the analytical performance. In this initial study, we considered the

7
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culture volume as a major performance-controlling factor. Because the bacterial growth
usually lowered the pH of the culture medium, the effect of acidity, as a chemical factor, was
considered further *’. The pH distribution in the medium is certainly affected by physical

parameters: the agitation speed and medium volume.

Medium volume. The medium volume was varied to test the effects on the detection
capability. Although the system retaining a large culture volume (e.g., 200 pL) may be
beneficial to supply enough nutrients to the host cells, secretory cytokine accumulation could
be delayed until a certain level detectable by the sensor is reached. To alleviate this potential
problem, we reduced the volume to a quarter of the conventional system (i.e., 50 uL). The
ratio of the volume to the bottom surface area was 6.25 and 1.56 puL per mm? for the larger-
and smaller-volume models, respectively (refer to Fig. S2 for details). The optical fiber
sensor was placed close to the bottom of the container in both models (the mean distance:
about 0.25 mm from the bottom). The liquid-air interfacial area was covered with mineral oil

to prevent the culture medium from evaporation.

The real-time responses of the two biosensor models to standard samples were obtained
separately under different stirring conditions and the performances were then compared.
Time-response charts were reconstructed beforehand via baseline correction as presented in
the Supplementary Information (refer to Fig. S3 for stepwise explanation). Among the revised
response curves (Fig. S4), typical graphs were selected for non-agitated and highly agitated
conditions, and then shown in an overlaid pattern (Fig. 4). When agitation of the culture
medium was not used (Fig. 4, a), the 50-puL volume model showed a response much earlier
than the 200-uL model, particularly for the sample containing a traceable bacterium (e.g.,
order of 10 CFU/mL; see the purple curves). However, the difference became smaller as the
analyte titer was increased and eventually disappeared for the sample including a large
quantity of target (e.g., order of 10° CFU/mL; see red curves). This pattern remained the same
for the response curves obtained under stirring at 600 rpm although the response time to the
same bacterial dose was consistently delayed compared with that not employing agitation
(Fig. 4, b). It should be noted that the label-free sensing for TNF-a secreted from the cells

was well matched regarding the response time with the ELISA outcome (refer to Fig. S5).

The results revealed that the response time of the sensor was more rapid in the smaller culture

8
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volume, and also with less agitation, as described earlier. Because the 50-uL volume model
retained a smaller volume based on the constant bottom surface area than the other, the
cytokine secreted from the host cells could be concentrated earlier to a certain level
detectable by the label-free sensor. In addition, the smaller-volume model showed a
maximum signal intensity weaker than that of the larger model when the sample contained
> 10° CFU/mL baeteria bacterium. In an extremely high titer range, > 10° CFU/mL, the
signals even decreased significantly after reaching a maximum regardless of the stirring rate
(see the red curves in Fig. 4). The volume change of the sensor could create an effect related

to cytokine production and detection, as discussed in the next section.

Medium acidity. As the baeteria bacterium contained in a sample is grown in the culture, the
metabolic activity continuously changes the chemical composition of the medium via
substrate consumption and product formation. During the measurement period, the inoculated
infectious agent may expand in an exponential pattern after a time lag, which will be
shortened as the bacterial titer is elevated (Fig. S6). Such growth is usually accompanied by
acidification of the culture medium **, which was monitored by the mean pH change of the
medium in parallel with the sensor response to TNF-o under the same conditions (Fig. 5). For
sample including a low titer of bacterium (e.g., ~10* CFU/mL), the initial pH, 7.4, was
constant during the monitoring period (Fig. 5, a). The sensor signal increased about 5 h after
infection and then revealed saturation at about 9 h. When 10* CFU/mL baeteria—were
bacterium was inoculated, the medium pH began to decrease at about 3 h, reached pH 5.7 at 8
h, and was maintained constant thereafter (Fig. 5, b). The sensor also showed a response
increase at the same time as the initial pH decrease, reaching a maximum at about 6 h, and
then decreased continually. When the bacteria were augmented approximately 100 times
again, the medium pH was decreased almost as soon as the baeteria—were bacterium was
inoculated (Fig. 5, ¢). Under such conditions, although the sensor signal could be measured

relatively early, the signal was small and also sustained for about 3 h.

We have seen here that the sensor signal decrease could be caused by the chemical
composition change of the culture medium such as acidification, which was intensified as the
titer of baeterta bacterium in the sample was elevated. Because the bacterium S. sonnei had
its own doubling time about 30 min *°, it entered into the exponential phase after a certain

time lag, depending on the titer. The rapid metabolic increase at this phase may produce a
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large quantity of products, including lactate *°, and could create a pH gradient in the axial
direction from the bottom, particularly under non-agitated conditions. Such a local acidic
environment near the bottom surface may result in two aspects related to the sensor signal: 1)
the host cells may reduce cytokine secretion *' and 2) the antigen-antibody complexes, which
were formed beforehand, tend to dissociate **. The former could be more remarkable because
the host cells may also undergo nutritional starvation and further hypoxia. The liquid-
atmosphere interface was covered with mineral oil, as mentioned earlier. Hypoxia has been
reported to reduce the secretion of LPS-induced TNF-a in mouse peritoneal macrophage cell
lines (e.g., RAW 264.7, J774A.1, and PMJ-2R; 33). The secreted TNF-a is also labile, with
rapid degradation occurring in the extracellular environment **. Thus, as the bacterial titer is
increased, the maximal magnitude of signal may be lowered and its duration of residual stay
may also be shortened. Such phenomena be were more significant for a biosensor system
using a smaller volume, i.e., the 50-uL model, (refer to Fig. S7 for comparison with the

results for the 200-puL model) and less agitation.

Standard curves. We then determined the earliest response time and plotted it against the
bacterial titer initially inoculated in the culture medium, which was repeated under different
operating conditions (Fig. 6, a). The response time was determined as the earliest time
corresponding to the signal obtained by multiplying the standard deviation of the default
baseline by three. The triplicate measurements at each bacterial titer were averaged, and the
mean response time was plotted against the titer initially inoculated in the culture medium.
The response times obtained under different conditions were nearly identical at bacterial
concentrations > 10* CFU/mL regardless of the stirring rate and medium volume used, but
significantly diverged as the concentration was lowered. We estimated day-to-day variations
using a formula, coefficient of variation (CV) = (standard deviation/average) x 100 *, where
the standard deviation was calculated for triplicate measurements under the same conditions
at different days. The CVs were 28.6% for the 600 rpm & 200 pL system, 22.0% for the 0
rpm & 200 pL system, 22.5% for the 600 rpm & 50 uL system, and 19.5% for O rpm & 50 pL
system. Such variations include all errors induced not only by the sensor system operation,

but also by bacterial sample dilution.

We further characterized each system regarding performance-controlling factors (Fig. 6, b).

10
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Among the conditions, the response of the non-stirred, small-volume system (a, 0 rpm, 50 pL)
was the most rapid, particularly for bacterial infection < 10* CFU/mL. This may result from
the possible synergistic stimulation of host cells via PAMPs-TLRs interaction and cytokine
signaling, as described above (b, left bottom panel). On the other hand, local acidosis could
occur on the bottom surfaces when the bacterial titer is > 10* CFU/mL. When either agitation
was used (a, 600 rpm, 50 pL) or the volume was increased (a, O rpm, 200 uL), the response
was delayed at the low range of bacterial titer. This may be caused by dilution of the secreted
cytokine in each system via either agitation-induced convection in the former or extended
molecular diffusion in the latter (b, left top or right bottom panels, respectively). For the
sensor with high agitation and large volume (a, 600 rpm, 200 uL), the response was
significantly retarded at the low range and samples with < 10> CFU/mL may even not be
detected during the time span used. Under such conditions, the bacterial stimulation could act
solely on host cell stimulation, as mentioned above, resulting in insensitive analysis
especially for samples containing barely traceable baeteria bacterium (b, right top panel).
This could eventually reveal the biphasic pattern of the standard curve, which, on the one
hand, approached the lines for the other conditions in the high titer range of baeteria
bacterium and, on the other, showed a very large response time in the lower concentration
range (see the blue dotted curve in Fig. 6, a). According to the operating conditions selected,
each plot can be used as the standard curve of the innate immune system-mimicking

biosensor for quantifying the analyte in an unknown sample.

Application of the Non-stirred, Small-volume Model to Other Bacteria

As the non-stirred, small-volume system (0 rpm, 50 ulL) showed enhanced performance
regarding the response time, the model was applied to the analyses of other bacteria. Two
additional species, S. aureus and L. monocytogenes, were selected as analytes potentially
contaminating food *°. After inoculation of each bacterium, the production of TNF-a was
monitored inside the label-free sensor system, Octet Red, with respect to the incubation time,
and the earliest detection time was then determined as the response of the sensor and the
response time was plotted against the titer (Fig. 7, a). The data for the bacteria were linearly
regressed by the least square method * to obtain an equation. Equations for the respective

bacteria could be obtained with correlation coefficients (R*) > 0.94, and they revealed

11
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insignificantly different slopes (P > 0.05). The analytes could also be measured using the
biosensor within about 8 h regardless of the bacterial species (7.6 h for S. sonnei, 8.2 h for S.
aureus, and 7.9 h for L. monocytogenes) when the titer = 50 CFU/mL (63+7.6 CFU/mL for S.
sonnei, 53+8.2 CFU/mL for S. aureus, and 40+7.9 CFU/mL for L. monocytogenes).

The bacterial properties could differ towards stimulation of the immune system, such as
virulence, mobility, and the presence of PAMPs *®. As these can affect cytokine secretion,
some variations in the sensor response may be inevitable according to the effects of diverse
bacteria. Nevertheless, the slope of the response curves for different microorganisms
appeared nearly identical, indicating that a major factor controlling the innate immune
response could exist under the experimental conditions used. Among the variables, the
growth rate of bacterium can be exemplified because the three microbes selected in this study
had similar doubling times of about 3040 min *°. Although it may be difficult to simply
apply the same concept for all bacterial species, accumulation of data for pathogenic and non-
pathogenic contaminants will come close to non-targeted detection. This concept may

correspond to the non-selective cultivation of microbes in the microbiology area *°.

Real-sample Testing using the Novel Animal Cell-based Biosensor

Since the sensors revealed dose responses to bacterium in linear fashion (R*> 0.94) except
for the high agitation and large volume system, the innate immune system-mimicked
biosensing concept was further tested with real sample. To this end, we selected the non-
stirred, small-volume system (0 rpm, 50 pL) as it relatively showed enhanced performance
regarding the response time. Since milk is one of the extremely much consuming foods in the
world, a product (Maeil Dairy; Seoul, Korea) was purchased to use for real sample testing.
Three bacterium species, S. aureus, L. moncytogens, and S. sonnei, were also employed as
significant analytes among those potentially contaminating the food *°. S. aureus in milk can
cause mastitis upon ingestion *’, L. moncytogens may result in a high lethality for unborn
baby when a pregnant woman ingested the contaminated milk *', and S. sonnei is a frequent
microorganism found in raw milk **. The milk was first pretreated to reduce the fat content by
mild centrifugation ** and inoculated with defined titer of each bacterium. The inoculated,
standard sample was mixed with the cell culture medium in the same volume ratio, which

was then transferred into the container of the sensor system. When a bacterium is present in

12
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the sample, it can grow and stimulate the animal cells in the synergistic manner ** as

mentioned above.

After loading a sample, the production of TNF-a was monitored inside the label-free sensor
system, Octet Red, with respect to the incubation time and the earliest detection time was
then determined as the response of the sensor. The same experiment was repeated at various
concentrations of each bacterium and the response time was plotted against the titer (Figure 7,
b). The data for the contaminant were linearly regressed by the least square method *’ to
obtain an equation. The equations for the respective bacteria were able to be obtained with
correlation coefficients (R*) > 0.97, and they revealed insignificantly different slopes each
other (P > 0.05). The analytes were able to be measured using the biosensor within about <

9.5 h regardless of the bacterial species when the titer ~ 10° CFU/mL in sample.

The milk-sample testing results (Figure 7, b) were finally compared with those for the
bacteria separately spiked in the culture medium as control (Figure 7, a). This revealed that
the response time was prolonged in the presence of the real sample, which was more
remarkable with the sample containing lower titer of each bacterium (P <0.001). As milk as a
popular food indeed contained many ingredients such as lipid, proteins, carbohydrate, mineral,

* the sample matrix could influence the sensor performance under the

and milk salts
conditions used. The matrix can change the cell metabolism, and the nutrients such as oxygen
and growth factors essential for the growth may also be limited by dilution. Therefore, the
operating conditions described in this study would be needed to separately optimize for the

respective real samples.

The non-targeted detection technique can be suited for automated analysis of bacterial
contaminants which might be present in foods. As the technique employed a label-free sensor
system commercially available, an early warning for the contamination could be feasible via
real-time monitoring. Such ability for the bacterial analysis may substantially simplify food
quality control process without using an additional sample pretreatment *°. Furthermore, the
non-targeted detection concept may also be used to screen foods containing bacteria
exceeding a certain threshold number. For example, laboratory pasteurization count of milk
and its fermented products *’ may be readily conducted as management practice using the

same sensing technique. They can be checked in unattended manner whether normal bacteria
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are contained < 100 CFU/mL. It should be stressed that, to eventually overcome threats and
issues of food safety, tools enabling broad-spectrum screening for, for examples, bacteria,
viruses, and fungi are needed in the first line of defense . As the sensor developed in this
study can be designed to respond to various cytokines secreted via innate immune system, it

. . . . 4. . . . . 4
could further be used to screen variable microorganisms indicating potential contamination **
49

Conclusions

Aspects of the innate immune system of animal cells (e.g., the RAW264.7 cell line) were
used as a biosensor for the real-time monitoring of bacterial contamination so that sample
testing could be carried out in an automated manner without handling. A cytokine, TNF-a.,
secreted from the bacterially infected cells in the cell culture container, such as a microtiter
plate, could be monitored continuously using a label-free immunosensor. In the initial study
for optimization, the volume and agitated state of the culture medium were selected as factors
primarily controlling the earliest response time of the sensor. As the volume was increased
or the agitation became vigorous, the response was retarded due to diffusive or enforced
dilution of the secreted cytokines, which play a crucial role in autocrine/paracrine signaling.
Among those tested, a biosensor model containing 50 pL medium and using no agitation was
applied to the detection of different bacterial species (e.g., S. aureus, L. moncytogens, and S.
sonnei), which enabled us to monitor bacterial contamination within the working time period.
When the biosensor was further tested with real sample (e.g., milk), the initial response times
for the various bacteria were consistent although they were somewhat prolonged due to
sample matrix effect. Because the infectious stimulation is initiated by the interaction of
PAMPs and pattern recognition receptors >°, the concept could be applied in principle to
analyses of non-targeted microbial species such as bacteria, viruses, and fungi, which may

48, 49, 51

contaminate , for example, foods, the environment, or even human blood. We are

developing a novel sensor model minimizing the sample matrix effect, which will be

particularly beneficial for analyzing samples containing a barely traceable microorganism.
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Figure Legends

Fig. 1 Schematic representation of the innate immune response-mimicking biosensing for
microorganisms. The biosensing system can be constructed by combining an animal cell
culture that retains the cells (e.g., macrophage cell line; RAW264.7) grown on the surfaces of
a 96-well microtiter plate with an immunosensor, which includes an antibody, specifically
recognizing a cytokine (e.g., TNF-a), immobilized on the tip of an optical fiber sensor. When
a bacterium is present in the sample medium, it can infect the host cells (a) and secrete
cytokines as proinflammatory mediators after a certain time period (b). The cytokine
molecules are then captured by the antibody on the sensor tip (c), which produces a mass-

sensitive signal in a label-free manner.

Fig. 2 Typical real-time responses of the cell-based biosensor (200-uL culture volume) to S.
sonnei in samples under various stirring rates. The RAW264.7 cells were stably cultured on
the container surfaces and, after adding the standard sample of S. sonnei, the TNF-a secretion
was immediately monitored in real time under different stirring conditions (0 to 600 rpm).
The cytokine was measured by a sandwich immunoassay using a label-free sensor with the
capture antibody on the tip surfaces (Fig. 1). As the stirring rate was reduced, the signal at
lowered concentrations of the bacterium appeared to increase significantly and, therefore, the

sensitivity was enhanced.

Fig. 3 Effect of culture medium agitation on stimulation of the innate immune system of the
host cells. Because the bacterial binding to the TLRs is the initial step (process A-1) for
cytokine (e.g., TNF-a) production (B-1), agitation may disturb the interaction by taking the
bacterium away from the bottom surfaces (A-2). The cytokine secreted from the cells could
have two ways of propagation to neighboring host cells (B-2) or transfer to the bulk solution

(B-3), also depending on the agitated condition.

Fig. 4 Typical, revised real-time responses of the cell-based biosensor models, containing
different culture volumes (50 or 200 pL), to the S. sonnei titers under different agitation
conditions. The RAW264.7 cells were stably cultured on the container surfaces and, after

adding the standard sample of S. sonnei indicated, TNF-o secretion was immediately
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monitored in real time. Regardless of the stirring rate, the biosensor using the smaller volume
showed earlier response times, particularly for samples containing bacteria < about 10’
CFU/mL. However, the difference became negligible when the sample contained the analyte

> 10° CFU/mL. Refer to the text for details.

Fig. 5 Monitoring of mean pH of the culture medium (marked) and TNF-a (red-colored)
under the same conditions using the 50 pl-holding model without agitation. The pH was
measured discretely while the cytokine was monitored continuously in real time. The initial
pH, 7.4, was maintained constant for a sample containing a low concentration of bacteria (a),
but decreased to a larger degree at an earlier time as the sample contained a higher titer of the
bacteria (b and c). Such chemical changes to the medium could result in the cytokine signal

being smaller and also staying shorter. Refer to the text for detailed discussion.

Fig. 6 Standard curves for the response time versus S. sonnei concentration under various
operating conditions, which may vary the performance-controlling factor. Although the
response times were not much different for bacteria > 10* CFU/mL, they diverged
significantly in the lower concentrations. According to the conditions used, the response time
was ranked in the following order (a): 0 rpm, 50 uL < 600 rpm, 50 pL or O rpm, 200 pL <
600 rpm, 200 pL. Such variation could be determined by the host cell stimulation mainly via
cytokine signaling (b): high, intermediate, or low, respectively, for the three cases. These

experiments were conducted in triplication. Refer to the text for details.

Figure 7. Application of the animal cell-based biosensor (0 rpm, 50 pL) to the detection of
various bacteria present in the culture medium as control (a) or a food sample, milk (b). Two
Gram-positive bacteria, S. aureus and L. monocytogenes, and a Gram-negative bacterium, S.
sonnei, were selected as potential pathogenic food contaminants and separately inoculated in
each sample. The sample was mixed with the culture medium in the same volume ratio and
then added into the cell culture container. After placing the sensor within the system, Octet
Red, the signal was measured with respect to the incubation time, during which the earliest
detection time was determined as the response. The identical experiment was repeated at
different bacterial titers, and the response time was plotted against the titer. The data for the
respective bacterium were linearly regressed with correlation coefficients (R?) > 0.97.

Comparison between the two results for different samples shown in a and b, respectively, was

20
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indicated significance (P < 0.05). The same measurement was repeated three times.
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Fig. 2
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Fig. 4
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Fig. 6
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