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One of the biggest challenges in rapid low concentration bacterial detection is the pre-concentration
or pre-enrichment, which aims to increase bacteria concentration and reduce sample volume for easy
bacterial detection. In practical bacterial detection, large-volume water samples with a pathogenic
bacterial concentration of less than 1 CFU/mL have to be tested rapidly. The reported biosensors
either have insufficient detection limit or have limited capability of handling a sufficiently large water
sample. Therefore, a high-performance automated pre-enrichment process is strongly demanded in
rapid practical bacterial detection. In this paper, a practical high performance automated bacterial

. concentration and recovery system (ABCRS) based on the combination of a ceramic membrane and

. tangential flow filtration technique was presented with short processing time (less than one hour),
low pre-enrichment limit (<0.005 CFU/mL), high concentration ratio (> 500), high recovery efficiency
(~ 90%), and small final retentate volume (< 5mL).

Rapid detection of pathogenic bacteria has attracted a lot of attention as it has enormous impact on public health.
It is estimated that more than 2.2 million deaths per day are caused by the water contaminated with infectious
diseases around the world!, and about 9.4 million illnesses and 1351 deaths every year in the United States are
due to foodborne pathogen contaminated food?. In the drinking water and food industry, rapid bacterial detec-
. tion methods that are capable of monitoring the pathogenic bacteria at low concentrations (e.g. <1 CFU/mL for
. E. coli) are vitally demanded to reduce risks to public health. Generally speaking, a rapid pathogenic bacteria detec-
© tion system consists of five modules: pre-enrichment, capture, detection, signal transmission and data analysis®.
The total processing time should include the length of time each necessary step takes, from the pre-enrichment
step to the read-out of the results. For practical applications, the system must meet the following require-
ments: low detection limit (<1 CFU/mL), fast processing (<1 hour), and high specificity/portability/stability,
as well as fully automatic*~’.
: The current bacterial detection methods include cell culture, nucleic acid-based sensing, immunoassays and
. biosensors®. The standard microbiological culture method requires a few days to obtain the results, implying that
© this method is not appropriate for rapid bacteria detection. Furthermore, the total number of the cultured bacte-
ria can be underestimated as some specific bacteria can enter a viable but non-culturable state in environment®°.
Polymerase chain reaction (PCR)-based assays are the most common nucleic acid-based techniques used in lab-
. oratory for rapid bacterial detection. Real time PCR-based assays have a detection limit of 10 to 100 CFU/mL for
: E. coli detection'"'2. However, PCR usually needs at least 6 ~ 48 hours enrichment for low concentration bacterial
© detection'?"'®. In addition, expensive equipment and highly-trained personnel are required for the PCR-based
. assays. Rapid immunoassays, such as, enzyme-linked immunosorbent assays (ELISA) are also labor-intensive and
. the detection limit of ELISA is usually high (10* ~ 10° CFU/mL)"". This relatively high detection limit still needs to
. be lowered to monitor the pathogenic bacteria at low concentration in drinking water. Other than ELISA, lateral
* flow assay (LFAs) can be operated by non-specialized personnel'”!8, and this method reduces the assay times
from hours to minutes'*-*!. The detection limit of the LFAs is also limited by the bacterial concentration in initial
: water sample. Sample enrichment process is needed in many LFAs to improve the specificity and sensitivity!”".
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Figure 1. Measured E. coli recovery efficiencies of the ABCRS at various back-flushing frequencies.

Recently, various detection techniques based on biosensors have been developed to reduce the assay time and
to improve the sensitivity for rapid monitoring of the pathogenic bacteria. A label-free immune-based biosensor
with a detection limit of 2 CFU/mL has been reported for detection of E. coli*2. However, the flow rate used in the
immunosensor detection was 56 uL/min. In other words, the sensors can only test a sample with an assay volume
on nanoscale or microscale (i.e. uL ~ mL)?%. Considering the fact that large volumes of initial water samples
(100mL ~ 1000 L) are required for the tests in food industries and environmental monitoring®, the total assay
volume of these single-cell detection biosensors can handle is too small for practical rapid detection. Moreover,
the bacterial indicators in recreational water should be less than 100 CFU/100 mL suggested by the United States
Environmental Protection Agency (USEPA)°. Therefore, the assay volume in bacterial detection should be at
least 1 mL so that at least 1 cell is included in the tested assay. As can be seen, a high-performance pre-treatment
process is necessary to reduce the initial water sample from a relatively large volume to a small final assay volume
(e.g. ~ mL) for single-cell detection biosensors in practical applications.

For the biosensors or lab-on-a-chip devices with a moderate detection limit (e.g. 10 ~ 10* CFU/mL), the
pre-enrichment process is also important since the target bacterial concentration in the assay needs to be increa
sed®®1323-25_ Ag discussed below, in combination with a high-performance pre-enrichment process, biosensors
with a moderate detection limit can be used to detect bacteria of low initial concentrations (e.g. <1 CFU/mL).

The reported pre-enrichment methods for rapid pathogen detection include microbial culture, centrifugation,
immunomagnetic separation (IMS) and bacterial concentration. Bacterial concentration is the most appropriate
method to concentrate the large amount of initial water sample to a few milliliters in a short time period. The
use of hollow-fiber, NanoCeram filter, and porous anodic alumina membrane, as well as some other filters to
recover multiple microorganisms from large amounts of water samples have been reported®*-'. Hollow-fiber
with tangential-flow ultrafiltration technique has been applied to concentrate and recover E. coli by Liu et al.,
resulting in a final volume of about 440 mL?2. Usually, final volumes around 250 ~ 500 mL can be achieved by the
hollow-fiber**-*!. Thus, a secondary treatment as centrifugation has been reported to increase the concentration
ratio and further reduce the final volume?®. Furthermore, the reported recovery efficiency of pathogen is in a
range of 42% ~ 96% depending on different filtration techniques**~*!. Therefore, the reported methods still need
to be improved to satisfy the requirements for rapid low concentration bacterial detection.

In this paper, an automated bacterial concentration and recovery system (ABCRS) as a high-performance
pre-enrichment step is presented for rapid low concentration bacterial detection (<1 CFU/mL). As the microbial
indicator of water quality, E. coli was used to evaluate the performance of the ABCRS. The results show that the
ABCRS can concentrate large amount of water sample (e.g. 1 ~ 2 liters) to a few milliliters (e.g. 4 ~ 5mL) with an
average recovery efficiency above 92% in less than one hour. The recovery efficiency of the ABCRS is studied in
terms of the back-flushing technique, final retentate volume and volume concentration factor.

Results and Discussions

Effects of back-flushing onthe ABCRS.  Asakey factor, recovery efficiency was used to evaluate the capa-
bility of the ABCRS to harvest the bacteria from an original large-volume water sample. Fig. 1 shows the measured
effects of forward time and back-flushing frequency on the recovery efficiency. 100 mL solutions of known quan-
tities of 10° ~ 106 E. coli cells were spiked to the sample reservoir and these samples were concentrated to about
5mL by the ABCRS. The ABCRS with back-flushing frequency of 6 cycles/min recovered 93% of E. coli cells and
the recovery efficiency remained stable as the back-flushing frequency dropped down to 3 cycles/min. A slight
decrease in E. coli recovery efliciency was found when the back-flushing frequency decreased to 2 cycles/min.
A significant decrease was noted at 1.2 cycles/min, resulting in an average E. coli recovery efficiency of 84% (as
shown in Fig. 1). In contrast, a steep recovery efficiency decline was paralleled by a further drop in back-flushing
frequency. The recovery efficiency was only 71% at a back-flushing frequency of 1 cycle/min. As a result, the
back-flushing frequency was set at 2 cycles/min for subsequent experiments to achieve stable recovery efficiency
and higher permeate flow rate. It is worth noting that the effect of back-flushing on increasing the recovery
efficiency has also been reported””*>*. In the previous studies, back-flushing was performed at the very end of
the concentration process by adding extra solution (50 mL or more) to the retentate reservoir to wash the target
micro-organisms off from the filters or membranes®>**-#. The total final volume was100 mL or more in these
filtration techniques®***, and this assay volume is much larger than that can be handled by most microfluidic
based sensors. In this study, the back-flushing was used at the end of each forward flow in the filtration cycle, and
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Initial volume | Final volume | Recovery

(mL) (mL) efficiency (%) | £SD (%) | :=RSD (%)
100 10 95 5.6 59

250 10 87 6.0 6.9

500 10 91 39 4.3

750 10 90 11.5 12.7

100 5 94 4.1 4.4

500 5 94 1.6 1.7

1000 5 90 4.4 4.9

Table 1. E. coli recovery efficiencies of the ABCRS at various final retention volumes.

Concentration | Initial volume | Final volume | Recovery +SD | £RSD
Ratio (mL) (mL) efficiency (%) | (%) (%)

50 200 4 87 0.5 0.6
100 400 4 107 9.9 9.3
250 1000 4 99 10.9 11

500 2000 4 86 8.3 9.7

Table 2. E. coli recovery efficiencies of the ABCRS at various volume concentration factors.

this back-flushing method without elution-solution reduced the final volume collected at the retentate reservoir.
The reduced final volume of milliliter-scale can be processed by microfluidic sensors*.

In the reduced final volume, the bacteria were blocked and captured by the ceramic membrane, and these
bacteria cells needed to be transferred to the reservoir. The current study confirmed that back-flushing was effec-
tive for bacterial recovery and proved that a higher back-flushing frequency was more effective than a lower
back-flushing frequency (Fig. 1). The reason for the increased recovery efficiency was that the back-flushing flow
provided a reverse force from the bottom to the top of the ceramic membrane to wash the bacteria cells off from
the membrane to the liquid flow. As a result, more bacteria cells were then transferred to the retentate reservoir.
The optimized back-flushing methods in this study significantly reduced the final retentate volume to a milliliter
scale and a stable recovery efficiency of higher than 92% was achieved simultaneously.

Final retentate volume of the ABCRS.  Subsequent experiments were carried out to determine if the final
volume can be minimized to obtain a higher concentration factor while maintaining stable and high recovery
efficiency. As described above, precise final volume can be obtained by the PLC and the liquid level sensor. At
first, the final volume was set at 10 mL, and the concentration factor increased with the increase of initial sample
volume. As shown in Table 1, the measured recovery efficiency of a 10 mL retentate was 95%, 87%, 91%, and 90%,
corresponding to the concentration factor of 10, 25, 50 and 75, respectively. As the final volume reduced to 5mL
from 100, 500, and 1000 mL initial samples with 10° ~ 10° E. coli cells, the measured recovery efficiency was 94%,
94% and 90%, respectively. No significant difference of recovery efliciency was observed as the change of initial
sample volume or final retentate volume. Obviously, the ABCRS can recover E. coli from different amounts of
water samples to a small amount of water. In this case, the initial volume and final assay volume can be altered
by the ABCRS to meet the volumetric requirements in practical bacterial detection for biosensors. In particu-
lar, the results also indicated that 1000 mL water sample with a concentration of 1 CFU/mL can be concen-
trated in less than one hour and then monitored by a biosensor with a detection limit of 200 CFU/mL. This
pre-enrichment step provided by the ABCRS can largely extend the application of biosensors in drinking water
quality monitoring.

Volume concentration factor of the ABCRS. In the pre-enrichment process, a higher volume concen-
tration factor implies a lower detection limit for the rapid pathogen sensing system. Table 2 shows the dependence
of the measured recovery efficiency of the ABCRS on the volume concentration factor. 2.1 x 107 to 2.4 x 107 E. coli
cells were seeded to 200 mL, 400 mL, 1000 mL and 2000 mL of phosphate buffered saline (PBS), corresponding
to the concentration factor of 50, 100, 250 and 500, respectively. An average recovery efficiency of 87% was cal-
culated when concentrating initial sample of 200 mL to a final volume of 4 mL. The recovery efficiency was 107%
as the concentration ratio was 100, and this percent greater than 100% was due to a relative standard deviation
(RSD) of 9.3%. The recovery efficiency ranged from 87% to 107%, indicating that more than 87% cells in the
sample reservoir were recovered and the performance of the ABCRS under high concentration ratio was verified.

As mentioned above, a large volume of water sample with extremely low bacterial concentration has to be
analyzed rapidly in water monitoring. The result in Table 2 indicates that the ABCRS has the capability to concen-
trate relatively large volumes of bacterial samples (e.g. 2000 mL) to small assay volumes (e.g. 4 mL) with recov-
ery efficiencies above 86%. These results further imply that an initial water sample of 1000 mL with a bacterial
concentration of 1 CFU/mL can be detected within one hour based on the fact that it only takes a few minutes to
testa 1 ~ 4mL water sample for a biosensor with a moderate detection limit (e.g. 100 CFU/mL*). We therefore
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54 57 0.11 0 95
41 45 0.09 0 91
18 20 0.04 0 90
56 64 0.13 0 88
22 28 0.06 0 79
43 60 0.12 0 72
28 47 0.09 0 60
Average recovery efficiency (%) 82
+Standard deviation (%) 13
+Relative standard deviation (%) 15

Table 3. Recovery efficiencies of extremely low E. coli concentration using the ABCRS (20 ~ 80 E. coli cells).

3 0 0.005 67
5 4 0 0.010 80
8 5 0 0.016 63
10 10 0 0.020 100
11 0 0.022 73
11 0 0.023 82
17 11 0 0.033 65
18 9 0 0.036 50
Average recovery efficiency (%) 73
+Standard deviation (%) 15
+Relative standard deviation (%) 20

Table 4. Recovery efficiencies of extremely low E. coli concentrations using the ABCRS (<20 E. coli cells).

assume that a detectable initial bacterial concentration of 0.004 ~ 0.04 CFU/mL can be expected if the ABCRS is
connected to a sensitive biosensor with a lower detection limit of 1 ~ 10 CFU/mL?**8,

The ABCRS pre-enrichment of extremely low E. coli concentration. To test the performance limit
of the ABCRS, pre-enrichment experiments were carried out for water samples of extremely low E. coli concen-
trations. 500 mL PBS containing 20 ~ 80 E. coli cells were concentrated to 10 mL, and the recovered cells were
cultured and counted by the USEPA Method 1603 (Table 3). Even though the initial concentration levels were
about 0.1 CFU/mL, an average recovery efficiency of 82% was achieved for these low-seed E. coli samples.

Less than 20 E. coli cells were introduced to 500 mL PBS and then concentrated by the ABCRS. Due to the
extremely-low concentration, the real numbers of E. coli cells were about 3 ~ 18 measured by the USEPA Method
1603 (Table 4). As shown in Table 4, the recovery efficiency varied between 50% and 100% with an average value
of 73%. In the absence/presence pathogen detection, 2 out of 3 E. coli cells were successfully captured by the
ABCRS with an initial bacterial concentration of 0.005 CFU/mL. Therefore, the minimum concentration limit of
the ABCRS was 0.005 CFU/mL.

As mentioned above, a large volume of water sample with E. coli O157:H7, as few as 10 cells may have to be
handled and detected in practical water quality monitoring®. Biosensors that can detect 10 E. coli O157:H7 cells
in 1000 mL water have not been reported. By using the pre-enrichment process enabled by the ABCRS, 5 bac-
teria cells in 1 liter can be captured and recovered in a few milliliters for further detection by a highly-sensitive
biosensor.

Conclusions
Substantial amounts of initial water samples with low bacterial concentration need to be monitored in practical
bacterial detection. Conventional bacterial culture and other time-consuming pre-enrichment methods are still
necessary to increase the bacterial concentration for detection and the overall assay time is strongly affected. As
for sensitive single-cell detection biosensors, the assay volumes still need to be improved to handle substantial
amounts of water samples*?*?°0, With the aim of developing a fast and reliable pre-enrichment process for the
existing biosensors and other devices to rapidly detect water samples of extremely low bacterial concentrations
in practical situations, a high performance automated bacterial concentration and recovery system based on a
ceramic membrane has been proposed.

The recovery efficiency of the ABCRS has been studied in terms of back flushing frequency, final retentate
volume, volume concentration factor, and extremely low E. coli concentration Therefore, the ABCRS can satisfy
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Figure 2. Schematic diagrams of an automated bacterial concentration and recovery system (ABCRS) with the
tangential flow filtration technique used in the pre-enrichment process for (a) forward, and (b) backward flow
procedure.

all the requirements for practical rapid pathogen detection, i.e. fast (<1h), small retentate final volume (<5mL),
high recovery efficiency (>92%), and large concentration factor (from >2000 mL to <5mL). It has been found
that the proposed ABCRS has capability to harvest 20 ~ 80 E. coli cells and less than 20 E. coli cells in a water
sample volume of 500 mL with an average recovery efficiency 82%, and 73%, respectively. It is considered that,
in combination with biosensors, the ABCRS will find profound applications in rapid pathogen detection for
drinking water.

Materials and Methods

Sample preparation. Automated bacterial concentration and recovery system (ABCRS).  Figure 2 shows the
schematic diagrams of the ABCRS with the tangential flow filtration technique used in the experiments for (a)
forward, and (b) backward flow procedure. Fluid was pumped from a sample reservoir to a filter through a pump
(peristaltic pump 1), running along the specially designed circular channels, and crossing a ceramic membrane
surface inside the filter. The retentate flowed back to the sample reservoir and the permeate flow ran out to the
permeate reservoir via another pump (peristaltic pump 2). The ABCRS was based on the tangential flow filtration
technique which can efficiently recover the bacteria from water samples. The system consisted of two peristaltic
pumps, a ceramic membrane holder, and two reservoirs for water sample and filtrate, as well as a liquid level sen-
sor. PTFE (polytetrafluoroethylene) tubing with inner diameter of 1.6 mm and outer diameter of 3.2 mm was used
to connect the ports in the flow system. Polyethylene bottles were used as the sample and retentate reservoirs. All
these components were controlled by a programmable logic controller (PLC). The rotation direction and speed of
the pumps, and the final volume can be controlled precisely by the PLC.

Concentration and recovery process. As shown in Fig. 2, the concentration process included two steps: the for-
ward flow to filtrate the water sample (Fig. 2(a)), and the backward flow to reduce the bacterial accumulation on
the ceramic membrane (Fig. 2(b)). A complete concentration and recovery cycle contained one forward flow pro-
cess and one backward flow process. In the forward flow process, peristaltic pump 1 was mainly used to pump the
water samples from the sample reservoir to the cylindrical filter holder, then peristaltic pump 2 guided the filtrate
to the permeate reservoir. A recirculating flow ran back to the sample reservoir along the specially designed cir-
cular channels under a high pressure provided by the pumps. In the backward flow process, the reversal rotational
direction of pump 2 provided a high-pressure permeate flow running back to wash the ceramic membrane. The
concentration and recovery process can be stopped immediately when the designed final volume is achieved, and
then the collected retentate can be transferred to the next step for detection.

Microorganism seeding.  E. coli K-12 MG 1655 was cultured in tryptic soy broth at 37 °C for one night before the
experiments. The cultured E. coli was centrifuged and re-suspended in PBS, then enumerated under microscope
(Nikon Eclipse E200, Japan) before use. Re-suspended E. coli cells were diluted to different concentration levels
for the following concentrating process.

Microfilter set-up. A ceramic membrane (Sterlitech Corp., USA) was used in all experiments. Membrane diam-
eter was 47 mm and the pore size was 0.14 um. The ceramic membrane was kept in a stainless-steel cylindrical
holder with a specially designed circulating channel (Fig. 2). 70% ethanol was injected to the flow system for
sterilization after each run, then the system was rinsed with DI water serval times before next use. The membrane
can be reused after cleaning with alkaline solution (sodium hydroxide) and acid solution (nitric acid) respectively.

Manual E. coli cells determination. Microscope counting with a hemocytometer (Bright-Line Hemacytometer,
Hausser Scientific, USA) was used to determine the E. coli cells in the final volume obtained after concentration
process for the concentration ranging between 10° and 10° CFU/mL. For low-seed E. coli samples, contrast groups
containing the same amounts of E. coli were monitored by the USEPA Method 1603 directly. The experimental
groups containing the same numbers of E. coli were first spiked to either 500 mL or 1000 mL PBS to run through
the ABCRS, and then the E. coli cells recovered in the final retentate were measured by the USEPA Method 1603.
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The pre-enrichment of the ABCRS. The above described ABCRS was studied and optimized based on
four important parameters: back-flushing condition, volume concentration factor, final volume and recovery
efficiency.

Back-flushing. A backwashing procedure (the alternative working of the forward and backward flows) was set
at the end of each forward flow process, instead of at the very end of the filtration process. The duration of the
back-flow process was fixed at 1 second (s), while the duration of forward flow process was set at different values
in subsequent experiments. By alternating the rotation direction of the peristaltic pumps, the forward flow proce-
dure and backward flow procedure worked alternatively at a specific frequency controlled by the PLC. The timer of
backward flow procedure was set at 1 s and the timer of forward flow procedure was set at 10s, 20s, 30, 405, 50 s
and 60's in the experiments, which corresponded to a backwashing frequency of 6, 3, 2, 1.7, 1.2 and 1 cycle(s)/min,
respectively. E. coli samples of 100 mL with known concentration levels ranging from 2 x 10* ~ 2 x 10° CFU/mL
were concentrated to about 5mL at various back-flushing frequencies to study the effect of the backwashing on
E. coli recovery efficiency.

Final volume. A liquid level sensor (Fig. 2) located on a tube between the sample reservoir and peristaltic pump
1 was used to control the final retentate volume. During the concentration process, the tube was filled with water
and the sensor started to monitor the liquid level. Once air bubbles were observed, the liquid level sensor sent a
signal to the PLC to stop the process. By adjusting the position of sensor and the diameter of the tube, a specified
retentate volume (final volume) was achieved. In this research, final volumes were set at 10 mL, 5mL and 4mL,
respectively, to satisfy the typical assay volume requirement for the subsequent process of bacterial detection.

Volume concentration factor. The volume concentration factor (C) was defined as the ratio of the initial volume
of the water sample to the final retentate volume. In the experiments, E. coli samples with an initial volume of
500mL, 1000 mL and 2000 mL were concentrated to a final volume of 10 mL and 5mL to test the sensitivity and
reliability of the ABCRS.

E. coli absence/presence detection. To evaluate the performance of the ABCRS for E. coli absence/presence detec-
tion, original E. coli samples were diluted to 5 ~ 150 CFU/mL according to the standard dilution process sug-
gested in the USEPA Method 1603. In absence/presence experiments, 5 ~ 150 E. coli cells were seeded in 500 mL
PBS to run through the ABCRS and then the recovered E. coli cells in the retentate were measured by the USEPA
Method 1603. In the contrast groups, the 5 ~ 150 E. coli cells were counted by the USEPA Method 1603 directly.

Calculation and data analysis. The recovery efficiency of each test was calculated as the ratio of the total
number of E. coli in the final retentate to the total number of E. coli in the initial water sample. The volumetric
concentration ratio (C) of individual test was calculated by the ratio of initial sample volume to the final reten-
tate volume. All the experiments of back-flushing, final volume, and volume concentration factor sections were
repeated for more than five times. The average recovery efficiency and standard deviation of these repeated tests
were used to evaluate the performance of the ABCRS. For E. coli absence/presence detection, the range of the total
E. coli cells were controlled to 20 ~ 80 cells and less than 20 cells in 500 mL PBS. Each test was done once due to
the extreme-low number of the bacteria cells.

References
1. Efstratiou, A., Ongerth, J. E. & Karanis, P. Waterborne transmission of protozoan parasites: Review of worldwide outbreaks - An
update 2011-2016. Water Res 114, 14-22 (2017).
2. Scallan, E., Hoekstra, R. M., Mahon, B. E., Jones, T. F. & Griffin, P. M. An assessment of the human health impact of seven leading
foodborne pathogens in the United States using disability adjusted life years. Epidemiol Infect 143, 2795-2804 (2015).
3. Noble, R. T. & Weisberg, S. B. A review of technologies for rapid detection of bacteria in recreational waters. ] Water Health 3,
381-392 (2005).
4. Mortari, A. & Lorenzelli, L. Recent sensing technologies for pathogen detection in milk: A review. Biosensors and Bioelectronics 60,
8-21 (2014).
5. Cho, L. H., Bhandari, P, Patel, P. & Irudayaraj, ]. Membrane filter-assisted surface enhanced Raman spectroscopy for the rapid
detection of E. coli O157: H7 in ground beef. Biosensors and Bioelectronics 64, 171-176 (2014).
6. Ettenauer, J., Zuser, K., Kellner, K., Posnicek, T. & Brandl, M. Development of an automated biosensor for rapid detection and
quantification of E. coli in water. Procedia Engineering 120, 376-379 (2015).
7. Suaifan, G. A. R. Y., Alhogail, S. & Zourob, M. Paper-based magnetic nanoparticle-peptide probe for rapid and quantitative
colorimetric detection of Escherichia coli O157:H7. Biosensors and Bioelectronics 92, 702-708 (2017).
8. Ahmed, A., Rushworth, J. V., Hirst, N. A. & Millner, P. A. Biosensors for whole-cell bacterial detection. Clin. Microbiol. Rev. 27,
631-646 (2014).
9. Xu, H. S. et al. Survival and viability of nonculturable Escherichia coli and Vibrio cholerae in the estuarine and marine environment.
Microb. Ecol. 8,313-23 (1982).
10. Ramamurthy, T., Ghosh, A., Pazhani, G. P. & Shinoda, S. Current Perspectives on Viable but Non-Culturable (VBNC) Pathogenic
Bacteria. Front Public Health 2,1-9 (2014).
11. Roda, A., Mirasoli, M., Roda, B., Bonvicini, F. & Colliva, C. Recent developments in rapid multiplexed bioanalytical methods for
foodborne pathogenic bacteria detection. Microchim Acta 178, 7-28 (2012).
12. Bono, J. L. et al. Evaluation of a Real-Time PCR Kit for Detecting Escherichia coli O157 in Bovine Fecal Samples. Appl. Environ.
Microbiol. 70, 1855-1857 (2004).
13. Alocilja, E. C. & Radke, S. M. Market analysis of biosensors for food safety. Biosens. Bioelectron. 18, 841-846 (2003).
14. Elizaquivel, P, Sinchez, G. & Aznar, R. Quantitative detection of viable foodborne E. coli O157: H7, Listeria monocytogenes and
Salmonella in fresh-cut vegetables combining propidium monoazide and real-time PCR. Food Control 25,704-708 (2012).
15. Jothikumar, N. & Griffiths, M. W. Rapid Detection of Escherichia coli O157: H7 with Multiplex Real-Time PCR Assays. Appl.
Environ. Microbiol. 68,3169-3171 (2002).
16. Ju, W., Moyne, A.-L., Marco, M. L. & Marco, M. L. RNA-Based Detection Does not Accurately Enumerate Living Escherichia coli
0157: H7 Cells on Plants. Front Microbiol. 7, 1-9 (2016).

SCIENTIFICREPORTS|  (2018)8:17808 | DOI:10.1038/s41598-018-35970-8 6



www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

Bahadir, E. B. & Sezgintiirk, M. K. Lateral flow assays: Principles, designs and labels. TrAC - Trends in Analytical Chemistry 82,
286-306 (2016).

Zhao, X., Lin, C.-W., Wang, J. & Oh, D. H. Advances in Rapid Detection Methods for Foodborne Pathogens. Journal of Microbiology
and Biotechnology 24, 297-312 (2014).

Cui, X. et al. A remarkable sensitivity enhancement in a gold nanoparticle-based lateral flow immunoassay for the detection of
Escherichia coli 0157:H7. RSC Adv. 5, 45092-45097 (2015).

Xie, Q. Y. et al. Advantages of fluorescent microspheres compared with colloidal gold as a label in immunochromatographic lateral
flow assays. Biosensors and Bioelectronics 54, 262-265 (2014).

Wu, W. et al. A sensitive lateral flow biosensor for Escherichia coli O157: H7 detection based on aptamer mediated strand
displacement amplification. Analytica Chimica Acta 861, 62-68 (2015).

Dos Santos, M. B. et al. Highly sensitive detection of pathogen Escherichia coli O157: H7 by electrochemical impedance
spectroscopy. Biosens. Bioelectron. 45, 174-180 (2013).

Bridle, H., Miller, B. & Desmulliez, M. P. Y. Application of microfluidics in waterborne pathogen monitoring: A review. Water
Research 55, 256-271 (2014).

Wang, Z., Han, T,, Jeon, T.-]., Park, S. & Kim, S. M. Rapid detection and quantification of bacteria using an integrated micro/
nanofluidic device. Sensor Actuat B Chem 178, 683-688 (2013).

Velusamy, V., Arshak, K., Korostynska, O., Oliwa, K. & Adley, C. An overview of foodborne pathogen detection: In the perspective
of biosensors. Biotechnol. Adv. 28, 232-254 (2010).

Stevens, K. A. & Jaykus, L.-A. Bacterial separation and concentration from complex sample matrices: a review. Crit Rev Microbiol 30,
7-24 (2004).

Ikner, L. A., Gerba, C. P. & Bright, K. R. Concentration and Recovery of Viruses from Water: A Comprehensive Review. Food
Environ Virol. 4, 41-67 (2012).

Albinana-Gimenez, N. et al. Comparison of methods for concentrating human adenoviruses, polyomavirus JC and noroviruses in
source waters and drinking water using quantitative PCR. J. Virol. Methods 158, 104-109 (2009).

Yakub, G. P. & Stadterman-Knauer, K. L. Evaluation of immunomagnetic separation for recovery of Crytosporidium parvum and
Giardia duodenalis from high-iron matrices. Appl. Environ. Microbiol. 66, 3628-3631 (2000).

Lambertini, E. et al. Concentration of enteroviruses, adenoviruses, and noroviruses from drinking water by use of glass wool filters.
Appl. Environ. Microbiol. 74, 2990-2996 (2008).

Kuhn, R. C., Rock, C. M. & Oshima, K. H. Effects of pH and Magnetic Material on Immunomagnetic Separation of Cryptosporidium
Oocysts from Concentrated Water Samples Effects of pH and Magnetic Material on Immunomagnetic Separation of
Cryptosporidium Oocysts from Concentrated Water Samples. Appl. Environ. Microbiol. 68, 2066-2070 (2002).

Liu, P. et al. Hollow-fiber ultrafiltration for simultaneous recovery of viruses, bacteria and parasites from reclaimed water. ] Microbiol
Methods. 88, 155-161 (2012).

Hill, V. R. et al. Development of a rapid method for simultaneous recovery of diverse microbes in drinking water by ultrafiltration
with sodium polyphosphate and surfactants. Appl. Environ. Microbiol. 71, 6878-6884 (2005).

Hill, V. R., Mull, B, Jothikumar, N., Ferdinand, K. & Vinjé, J. Detection of GI and GII Noroviruses in Ground Water Using
Ultrafiltration and TagMan Real-time RT-PCR. Food Environ Virol. 2,218-224 (2010).

Hill, V. R. et al. Comparison of hollow-fiber ultrafiltration to the USEPA VIRADEL technique and USEPA method 1623. J. Environ.
Qual. 38, 822-825 (2009).

Karim, M. R, Rhodes, E. R., Brinkman, N., Wymer, L. & Fout, G. S. New electropositive filter for concentrating enteroviruses and
noroviruses from large volumes of water. Appl. Environ. Microbiol. 75,2393-2399 (2009).

Kuhn, R. C. & Oshima, K. H. Hollow-fiber ultrafiltration of Cryptosporidium parvum oocysts from a wide variety of 10-L surface
water samples. Can. J. Microbiol. 48, 542-549 (2002).

Mull, B. & Hill, V. R. Recovery and detection of Escherichia coli O157:H7 in surface water, using ultrafiltration and real-time PCR.
Appl. Environ. Microbiol. 75, 3593-3597 (2009).

Olszewski, J., Winona, L. & Oshima, K. H. Comparison of 2 ultrafiltration systems for the concentration of seeded viruses from
environmental waters. Can. J. Microbiol. 51, 295-303 (2005).

Winona, L., Ommani, A., Olszewski, J. Nuzzo, J. & Oshima, K. Efficient and predictable recovery of viruses from water by small scale
ultrafiltration systems. Canadian journal of microbiology 47, (2001).

Simmons, O. D., Sobsey, M. D., Francy, C. D., Schaefer, F. W. & Francy, D. S. Concentration and Detection of Cryptosporidium
Oocysts in Surface Water Samples by Method 1622 Using Ultrafiltration and Capsule Filtration Concentration and Detection of
Cryptosporidium Oocysts in Surface Water Samples by Method 1622 Using Ultrafiltratio. Appl. Environ. Microbiol. 67, 1123-1127
(2001).

Leskinen, S. D. et al. Automated dead-end ultrafiltration of large volume water samples to enable detection of low-level targets and
reduce sample variability. . Appl. Microbiol. 113, 351-360 (2012).

Polaczyk, A. L. et al. Ultrafiltration-based techniques for rapid and simultaneous concentration of multiple microbe classes from
100-L tap water samples. ] Microbiol Methods. 73, 92-99 (2008).

Morales-Morales, H. A. et al. Optimization of a reusable hollow-fiber ultrafilter for simultaneous concentration of enteric bacteria,
protozoa, and viruses from water. Appl. Environ. Microbiol. 69, 4098-4102 (2003).

Kuhn, R. C. & Oshima, K. H. Evaluation and optimization of a reusable hollow fiber ultrafilter as a first step in concentrating
Cryptosporidium parvum oocysts from water. Water Res 35, 2779-2783 (2001).

Guo, T. et al. Counting of Escherichia coli by a microflow cytometer based on a photonic-microfluidic integrated device.
Electrophoresis 36, 298-304 (2015).

David, S. et al. Assessment of pathogenic bacteria using periodic actuation. Lab Chip 13, 3192 (2013).

Choi, J. R. et al. An integrated paper-based sample-to-answer biosensor for nucleic acid testing at the point of care. Lab Chip 16,
611-621 (2016).

Wang, Y., Ye, Z., Si, C. & Ying, Y. Subtractive inhibition assay for the detection of E. coli O157:H7 using surface plasmon resonance.
Sensors 11,2728-2739 (2011).

Nge, P.N., Rogers, C. I. & Woolley, A. T. Advances in microfluidic materials, functions, integration, and applications. Chem. Rev.
113, 2550-2583 (2013).

Acknowledgements
The authors would like to thank Joshua Kneller for his careful proof reading of the manuscript, and the Ontario
Research Fund - Research Excellence (ORF-RE) and NSERC Discovery grant for the support of the project.

Author Contributions

T.G. and L.H. designed the system and made the automatic control system. C.Q.X. proposed the study and
improved the experimental plan. Y.Z. and T.G. performed the study and optimized the design. Y.Z. and C.Q.X
wrote the paper.

SCIENTIFICREPORTS|  (2018)8:17808 | DOI:10.1038/s41598-018-35970-8 7



www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:17808 | DOI:10.1038/541598-018-35970-8 8


http://creativecommons.org/licenses/by/4.0/

	An automated bacterial concentration and recovery system for pre-enrichment required in rapid Escherichia coli detection

	Results and Discussions

	Effects of back-flushing on the ABCRS. 
	Final retentate volume of the ABCRS. 
	Volume concentration factor of the ABCRS. 
	The ABCRS pre-enrichment of extremely low E. coli concentration. 

	Conclusions

	Materials and Methods

	Sample preparation. 
	Automated bacterial concentration and recovery system (ABCRS). 
	Concentration and recovery process. 
	Microorganism seeding. 
	Microfilter set-up. 
	Manual E. coli cells determination. 

	The pre-enrichment of the ABCRS. 
	Back-flushing. 
	Final volume. 
	Volume concentration factor. 
	E. coli absence/presence detection. 

	Calculation and data analysis. 

	Acknowledgements

	Figure 1 Measured E.
	Figure 2 Schematic diagrams of an automated bacterial concentration and recovery system (ABCRS) with the tangential flow filtration technique used in the pre-enrichment process for (a) forward, and (b) backward flow procedure.
	Table 1 E.
	Table 2 E.
	Table 3 Recovery efficiencies of extremely low E.
	Table 4 Recovery efficiencies of extremely low E.




