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Abstract: The rapid and specific point-of-care (POC) analysis of virulent pathogenic strains plays a
key role in ensuring food quality and safety. In this work, a paper-based fluorescent phage biosensor
was developed for the detection of the virulent E. coli O157:H7 strain (as the mode of virulent
pathogens) in food samples. Firstly, phages that can specifically combine with E. coli O157:H7 (E. coli)
were stained with SYTO-13 dye to prepare a novel fluorescent probe (phage@SYTO). Simultaneously,
a micro-porous membrane filter with a pore size of 0.45 um was employed as a paper chip so as to
retain the E. coli-phage@SYTO complex (>1.2 um) on its surface. The phage@SYTO (200 nm in size)
was able to pass through the pores of the chip, and the complex could be retained on the paper chip
using the free phage@SYTO probes. The E. coli-phage@SYTO could emit a visual fluorescent signal
(excited at 365 nm; emitted at 520 nm) onto the chip, which could be detected by a smartphone to
reflect the concentration of E. coli. Under optimized conditions, the detection limit was as low as
50 CFU/mL (S/N = 3) and exhibited a wide linear range from 10? to 10° CFU/mL. The sensor has
potential application value for the quick and specific POCT detection of virulent E. coli in foods.

Keywords: POCT assay; paper-chip-based phage biosensor; smartphone; E. coli O157:H7; foods

1. Introduction

Threats to food safety caused by pathogenic bacteria infections have given rise to seri-
ous damage worldwide and resulted in serious losses in livestock husbandry, agriculture,
and aquaculture [1-4]. To preserve food security, early diagnostic methods for foodborne
pathogens should be developed so as to prevent pathogenic infections in advance [5-7].
Moreover, there is a great need to develop rapid on-site assays for the identification of
pathogenic bacterial strains because the virulence of different strains of the same bacte-
ria varies greatly; for example, E. coli O157:H7 is significantly more virulent than other
E. coli strains.

The conventional culture-based bacterial detection assays are cumbersome and te-
dious [8,9]. Due to their high equipment and laboratory environment requirements, nucleic-
acid-based polymerase chain reaction (PCR) detection methods can discriminate different
strains of the same bacteria, but are not conducive to large-scale promotion, especially in
resource-limited areas [10,11]. The fabrication of a commercial point-of-care (POC) diag-
nostic platform has become a cutting-edge and challenging task in the field of rapid on-site
analysis [1]. It is hoped that such a platform will be able to perform quick, user-friendly
analysis through a cheap, automatic, and easily operated setup. The paper-chip-based
biosensor is a promising alternative for the detection of samples because of its visual and
sensitivity properties [12,13]. As the base of the analytical platform, paper has the advan-
tages of a low cost, liquid flow features, biodegradability, and good chemical properties,
and it has been widely used in various analytical systems. Compared with traditional
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analytical chips, the paper-chip-based analytical platform does not require external fluid
pumping equipment or a complex chip design, and can be used for sample sampling and
delivery through the capillaries of paper fibers. In addition, paper chips with different pore
sizes can also be employed as filter membranes to be used for enriched or filter bacteria. As
this method is suitable for mass production, it has attracted much attention.

In addition, the combination of paper chips and a smartphone can fulfill the require-
ments for fabricating field devices with good sensitivity and specificity [14-17]. Being easy
to operate and carry, smartphones have attracted great attention in healthcare, environmen-
tal monitoring, and the on-site analysis of food production [18,19]. With the proliferation of
smartphones, their digital imaging capabilities render them an excellent analytical platform
for the development of instant detection sensors. Compared to single-emission fluores-
cence detection, the proportional fluorescence detection method used in this experiment
has a built-in self-calibration function that avoids interference caused by various target-
independent factors and circumvents/reduces the output of false-positive results, thereby
improving the detection accuracy and extending the dynamic detection range for complex
food matrices [20]. Aiming to recognize a specific bacterial strain, biological probes are
essential for fabricating paper-chip-based sensors. Phages are viruses that attack and eat
bacteria and are mainly composed of nucleic acids and protein shells [15,21]. The shell of
the phage can specifically combine with the receptor on the surface of the host bacteria,
and its genetic material, DNA, or RNA can be injected into the host bacteria. Compared
with antibodies, phages exhibit much higher specificity towards bacterial strains [22-24].
Moreover, they have a higher affinity for live strains. Therefore, phage probes can be
employed to establish paper chips for the POC detection of E. coli O157:H7. [15,16] Their
signal changes marking the emergence of pathogenic bacteria can be monitored by the
biosensors and detected by the smartphone [17,25-27].

Hence, herein, we propose a novel paper-based phage sensor using a phage probe
integrated with a smartphone for the visual detection of E. coli O157:H7 based on RGB
values. The fabrication of the phage probe and the sensor is shown in Figure 1. Firstly, the
phage, which can specifically combine with E. coli O157:H7 (E. coli), was stained with SYTO
13 florescence dye, a universal DNA embedding dye [17,18], to prepare the phage@SYTO
probe. The probes were mixed with samples containing the bacteria that would specifically
combine with the target E. coli of the E. coli-phage@SYTO complex (>1.2 nm) and be retained
on the paper chip (the filter membrane with a pore size of 0.45 pm). The free phage@SYTO
probes, with a size of approximately 200 nm, can pass through the pores of the paper
chip. Thus, the conjugate complex (E. coli phage@SYTO) can easily be separated from the
free probes and enriched on the paper chips. In the next step, the complex was excited
by 365 nm light using a green fluorescence light with an emission wavelength of 520 nm,
which can be visually observed and recorded by a smartphone. The G value from RGB was
employed for the quantification of the target bacteria. The sensor was also successfully
employed to detect E. coli in food samples.
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Figure 1. The preparation of the phage@SYTO probe and detection of E. coli O157:H7. based on a
paper chip biosensor.
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2. Materials and Methods
2.1. Chemicals

SYTO-13 (99.5% wt) was obtained from Macklin Co., Ltd. (Shanghai, China) (250 pL,
5 mmol). Phages of E. coli O157:H7 were screened at Dr Dengfeng Li’s lab. The strains used
in this study included Vibrio parahaemolyticus (V. P, ATCC 17802), Salmonella typhimurium
(S. T, ATCC 14028), and Staphylococcus aureus (S. A, ATCC 43300), which were purchased
from Shanghai Luwei Technology Co., Ltd. (Shanghai, China); Listeria monocytogenes (L. M,
CICC 21662), which was purchased from the China Industrial Culture Collection (CICC);
and Escherichia coli O157:H7 (ATCC 25922), obtained from Dengfeng Li’s group at Ningbo
University. Cellulose membrane filters with pore sizes of 0.10, 0.22, 0.45, 0.65, and 1.00 pm
were purchased from Shanghai Luwei Technology Co., Ltd. (Shanghai, China). The LB
broth and agar powder (bacterial grade) were derived from Hangzhou Microbial Reagent
Co., Ltd. (Hangzhou, China).

2.2. Apparatus

The fluorescence, probe excitation, and emission spectra were measured using a fluo-
rescence spectrophotometer which was purchased from Shimadzu Co., Ltd. (Kyoto, Japan).
The centrifuge was purchased from Sigma Laborzentrifugen GmbH (Berlin, Germany).
The medical constant temperature incubator was purchased from Panasonic Appliances
Cold Chain Co., Ltd. (Tokyo, Japan). The desktop constant temperature oscillator was
purchased from Jiemei Electronics Co., Ltd. (Suzhou, China). We used a transmission
electron microscope (TEM, JEM 2100F, Tokyo, Japan). The FL images were captured via an
Android smartphone (model number: Xiaomi 11X hypercharge, with camera specifications
of 64 MP /26 mm wide). A 365 nm LED light was placed above the sample, positioned
over one side. The distance from the excited LED light source to the sample remained
constant (5 cm) during the measurement. Color analysis software was used to divide the
color fluorescence image of the sample into red (R), green (G), and blue (B) pixels. In the
required analysis, we added different concentrations of bacteria (10~108 CFU/mL) to the
solution, each on a different piece of paper. The software used was Colour Reader, a free
and open-source software downloaded from the Android mobile app market.

2.3. Culture and Preparation of Phages

The phages were purified using the bilayer medium method. First, the already purified
bacterial stock solution was diluted to 107 CFU/mL, and 100 uL of 10’ CFU/mL bacteria
was added to 1 mL of LB broth until the broth was slightly cloudy. The already purified
phage solution was diluted 10-fold to obtain a concentration of 10>~10° PFU/mL of phage
solution for further use. The semi-solid (0.7% agar by volume) was heated in the medium
using a mulffle until it was completely melted, and then it was dispensed into 3 mL
centrifuge tubes. In total, 100 pL of diluted bacteria and 100 uL of phage solution of
different concentrations were placed in 3 mL centrifuge tubes. The solution was well
shaken and poured onto the plate.

The densities of the phage spots in the Petri dishes were dependent on the concentra-
tion of phage. The cultured phage Petri dishes were placed in a biosafety cabinet, 3 mL
LB bouillon was added, and the medium containing phage, as well as the LB bouillon,
was scraped into a 50 mL centrifuge tube using a sterilized glass spatula. The scraped
mixture was centrifuged at 8000 rpm for 30 min, and the liquid was then passed through
a disposable paper membrane filter with a pore size of 0.22 um. Two purifications were
required to obtain the final phage for the experiment. The concentration of phage was
determined by the plate counting method.

2.4. Culture and Preparation of Bacteria

In the biological safety cabinet, a small amount of E. coli, S.a, and S.T was scraped
from the bacteriophage plate using an alcohol-sterilized catch ring and placed into 3 mL



Chemosensors 2023, 11, 151

40f12

LB broth, which was sterilized in an autoclave (120 °C, 2 h) and incubated overnight
in a shaker (37 °C, 180 rmp) until it gradually became turbid. The concentration of bacteria
was calculated using the plate counting method. First, the bacteria were serially diluted
108 times using PBS (the dilution was performed 10 times), and 100 pL of the diluted
solution was taken and inoculated in a semi-solid Petri dish and incubated in a 37 °C
thermostat for 24 h. The bacterial concentration of the original solution was calculated by
counting the plaque numbers on the dish.

2.5. Phage Specificity and Probe Activity

A total of 100 pL 10" PFU/mL of phage stock solution was added to PBS (pH = 7.4,
0.01 M) and diluted stepwise to 108 CFU/mL. Then, 100 L 10% PFU/mL of phage was
taken; 10 uL SYTO13 (5 mM, 250 uL) was added to the experimental group; 10 L water
was added to the control group; and 100 pL 107 CFU/mL E. coli, S.a, and S.T was treated as
the phage culture and incubated overnight in Petri dishes in a 37 °C incubator.

A total of 100 uL 10" PFU/mL of phage stock solution was added to PBS (pH = 7.4,
0.01 M) and diluted stepwise to 108 CFU/mL. Then, 100 uL 10® PFU/mL of phage was
taken, and 10 pL SYTO13 (5 mM, 250 pL) was added to the experimental group. Simul-
taneously, 10 pL water and 100 pL 107 CFU/mL E. coli, S.a, and S.T were spiked into the
control group and proliferated overnight in a 37 °C incubator. Then, the phage specificity
and probe activity were discussed.

2.6. Synthesis of Phage @ DNA Probes

A total of 450 pL 10'° PFU/mL phage was mixed with 50 uL 0.1 mg/mL dye ina 1 mL
centrifuge tube. Afterwards, it was shaken for 30 s and incubated for 10 min. The tube was
then placed into a 50 kd dialysis tube and centrifuged for 5 min at 8000 rpm. The phage’s
molecular weight (MW) was much larger than 50 kd, and it could not pass through the
dialysis membrane. Though the free SYTO dye, with a MW of approximately 320, could
pass through the membrane pores, the membrane retained the dye-modified phage, as
the free dye had no fluoresce, and the dye bound to the phage emitted green fluorescence
under 360 nm excitation light. Therefore, after ultrafiltration, the upper solution of the
filter membrane was taken out, and the emitted light at 520 nm was measured using a
fluorometer under 365 nm excitation. Then, 50 uM of another phage@SYTO (E. coli) was
taken and incubated with S.A, S.T, V.P, E. coli, and the mixture for 20 min, respectively, and
excited by blue light from a fluorescence microscope.

2.7. Detection of Escherichia coli O157:H7 (E. coli) in Fishes

The food samples (shrimp, fish, and others) were mixed with 100 mL 100 uM PBS
(pH 7.5) for 10 min. Then, the supernatant was collected for further detection. Firstly, 10 uL
of 1 uM pahge@SYTO was mixed with the 100 mL supernatant solution and then agitated
(200 rpm on the vortex machine) for 10 min at room temperature. After that, the mixture
solution was passed through a micropore membrane filter with a pore size of 450 nm using
a syringe. The E. coli-phage@SYTO complex (whose size was larger than 1.2 pm) could
be separated and retained on the membrane, whereas the free probes, whose size was
approximately 200 nm, could pass through the pores. The paper chip was first dried, and
then the fluorescent (FL) detection was performed on the paper chip after excitation at
360 nm. All the test samples were placed in a black box, being unaffected by ambient
light, and the FL intensity was recorded using a smartphone. Different color intensities can
be employed for different concentrations of analytes to determine the presence of some
bacterial strains without using any analytical apparatus. We also designed an improved
version of the portable fluorimeter by separating the different concentrations into different
sections in order to introduce the respective phage@SYTO probes. Images of the spiked
samples, as well as the real samples, were taken with an Android smartphone. The distance
between the excitation light source and the sample was kept constant (30 cm) during
the measurements. For each sample, the data for five points were detected from the
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center to the edge of the same sample according to the five-point sampling method. The
photographed photos were also imported into the analytical software, which enabled the
color fluorescence image of the sample to be divided into red (R), green (G), and blue (B)
channels by reading the G value of the paper chip’s surface and comparing it to the Gy
read from the paper chip with the uncaptured bacteria. The G/Gj was employed for the
qualification of the targets.

3. Results and Discussion
3.1. Characterization of the Phage@SYTO Probes

SYTO 13 is a specific phage dye which cannot emit fluorescent light by itself, but
can emit fluorescence light after the staining of the phage. From Figure 2, it can be seen
that 10 ug/mL of phage@SYTO could emit strong fluorescence light after being excited at
365 nm, whereas the dye itself could only emit negligible light and the phage did not emit
any light. All these findings illustrated that the phage@SYTO probes had been successfully
prepared. From the FL intensity of the phage@SYTO, it can be seen that the SYTO could
penetrate the phage’s DNA [18].
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Figure 2. The fluorescent light of 10 ug/mL phage@SYTO probes, SYTO, or phage only.

3.2. The Phage Specificity and Probe Activity

The activity of the probe had a significant effect on the experimental results. Therefore,
a comparison of the activity of the phage@SYTO and pure phage was conducted. The
comparison shown in Figure 3A,D revealed no significant change in the number of phage
spots after the SYTO 13 modification, indicating that the dye had no effect on the activity of
the phage. Moreover, the probe was still able to identify the specific bacteria. In addition,
as shown in Figure 3A,D, it was found that the plate with spiked E. coli produced phage
spots. By comparison, Figure 3B,E and Figure 3C,F, which represent the 5S.A and V.P plate
with the addition of the phage@SYTO probes, depicted no significant plaques. All of these
findings indicated that the phage@SYTO was specific to E. coli, but not other bacteria.
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phage@SYTOI13 i}

Dphage

E.coli S.a v.p

500nm

Figure 3. The plaques produced after mixing the 10° PFU/mL phage and phage@SYTO on plates
containing (A,D) E. coli O157:H7, (B,E) S.a, or (C)F) V.P. The TEM of the (G) phage and (H) phages
surrounding E. coli O157:H7.

Furthermore, transmission electron microscopy (TEM) was employed to reveal the
formation process of the plaques. As shown in Figure 3G, phages with heads and tails of
approximately 200 nm in length could be found. In Figure 3H, there are a large number of
phages adhered to the outer cells of E. coli O157. The results indicated that the phage has a
strong affinity for E. coli O157:H7.

3.3. Principle of the Assay

From Figure 4, it can be seen that the phage@SYTO could only bind with E. coli to
emit fluorescence light. Moreover, the mixture of E. coli with other bacteria could also
emit fluorescence light. These findings demonstrated that the phage@SYTO has enough
specificity and discrimination capacity to identify the target bacteria [19,20]. The labeling
of the SYTO amount on the probes was very important for the detection sensitivity. An
amount of 100 uL SYTO-13 at different concentrations was mixed with 100 uL 10° PFU/mL
phage. The changes in fluorescence light intensity (I) were continuously recorded with the
change in the dye concentration. Because SYTO-13 only emitted fluorescence light when
combined with the phage to form the phage@SYTO, the labeled amount of SYTO-13 on
the phage@SYTO could reach saturation after the fluorescence intensity reached its highest
level. According to the amount of SYTO-13 material at this time point, the amount of
SYTO-13 in each phage could be calculated. According to the highest peak intensity of
SYTO-13 at 0.1 uM, we calculated approximately 60,200 SYTO on each phage (equation:
1077 M x 107 L x 6.02 x 10%/108 PFU = 60,200 SYTO/phage).
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Figure 4. The fluorescence light of the phage@SYTO probe for different targets.
3.4. The Optimization of the Assay

In order to improve the detection performance of this strategy, several reaction con-
ditions were optimized (the concentration of E. coli in the optimization experiment was
10° CFU/mL). We first optimized the binding time for the phage@SYTO to bind to the
pathogenic bacteria E. coli. It can be seen from Figure 5A that the optimal binding time
was 20 min. The bacteria’s surface combined more easily with the phage@SYTO, which
meant that the phage did not lose its bioactivity during labeling with SYTO. In the detection
process, the concentration of phage@SYTO was also crucial, as a probe concentration that
is too low will prevent the phage from fully combining with the target bacteria when the
concentration of bacteria is high. However, if the probe concentration is too high, they will
be stained on the membrane easily; thus, the background signal will be too high. As can be
seen from Figure 5B, the optimum concentration of phage@SYTO was 108-10° PFU/mL,
and the signal to noise ratio (I/Iy) reached its highest value. If the concentration is too
high, there will be a strong background signal, even if the signal from E. coli-phage@SYTO
is high. Taken together, the amount of 10 PFU/mL phage@SYTO was selected for the
detection. The membrane pore size was also very important for the filtering of the unbound
phage@SYTO. From Figure 5C, we can see that the optimum membrane pore size was
0.45 um, whereas 0.25 um retained too much phage@SYTO in the solution. Moreover, with
a1l pm pore size, the E. coli-phage@SYTO could also pass through the pores, leading to a
lower signal. The reaction pH was also optimized, and we found that pH 5.0 to 8.0 was
the suitable reaction pH. From Figure 6D, we can see that a pH that was too low or high
resulted in a lower FL signal. This may be due to the fact that the phage@SYTO could not
combine well with the bacteria. The usual pH of the sample solution was between 5 and §;
therefore, the assay was suitable for many types of real samples.
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3.5. Determination of E. coli in the Real Samples

Under the optimal experimental conditions, E. coli was diluted with PBS to different
concentrations (106, 10°,10%, 103, 102, 10 CFU/ mL) for visual fluorescence detection and
subsequent microfluidic chip analysis. For visual fluorescence detection, we used different
concentration gradients of E. coli Figure 6). It can be found that as the concentration of
E. coli increased, the visualized fluorescence gradually increased. It was easy to observe
10% CFU/mL E. coli with the naked eye, and no fluorescence could be observed with the
naked eye at 100 and 10 CFU/mL. Therefore, the lower limit of detection for visualizing
fluorescence with the naked eye was 10% CFU/mL.

In addition, this method was compared with some reported E. coli detection methods
(Table 1). Despite the shortcomings of the drop method, the prepared phage DNA probes
still had a better detection range and lower limit of detection compared with the other
methods. This is because phages are highly specific to the target bacteria. At the same time,
rolling circle amplification (RCA) of the DNA on the phage can amplify the length of the
DNA chain by tens of thousands of times, greatly reducing the detection limit.

Table 1. Comparison with E. coli detection methods in the literature.

Linear Range

Method (CFU/mL)

LOD (CFU/mL) Time Ref.

Nanogap network
electrochemical method

SERS 1.0 x 10%-5.0 x 107 102 ~30 min [29]

103-108 102 >3h [28]

The fiberoptic surface

1.5 x 103-1.5 x 10° 5.0 x 102 45 min [30]
plasmon resonance method
Flelif)?\‘i’ti;?gem 10%-108 200 40 min [31]
Fluorescence method 10-100 14 2h [32]
This work (fluorimeter) 103-10°6 300 45 min [33]
This work 102-106 50 10 min

3.6. Specificity, Stability, and Precision of the Sensor

To assess the method’s anti-interfering capacity for E. coli, we included Salmonella
typhimurium (S.T), Staphylococcus aureus (S.A), Listeria monocytogenes (L.M), Vibrio vulnificus
(V.V), and Vibrio parahaemolyticus (V.P) in the comparison, and the concentration of the
other bacteria was 107 CFU/mL, except for E. coli, which was 10° CFU/mL. As shown in
Figure 7A, the difference in the signals indicated that other bacteria did not interfere with
the detection of E. coli. In addition, some common ions in the sample solution were selected
to perform anti-interference experiments. As shown in Figure 7B, the effects of the above
substances on the detection of E. coli were negligible. The above results show that the phage
sensor has a good specificity and anti-interference ability for the detection of the target
bacteria. The assay was used to detect 10° CFU/mL of E. coli five times using the same
batch of phage@SYTO probes. The RSD was lower than 7%, which proved that the sensor
showed high stability. We also tested the same sample over 5 days of storage using the
same batch of phage@SYTO probes, and the RSD was 5.8%. This indicated that the probe
showed approximately 5 days of stability. Moreover, the inter- and intra-precision were
detected using 10 CFU/mL of E. coli. The RSD values were 5.3% and 6.2%, respectively.
All of these findings demonstrated that the sensor exhibited high precision.

To evaluate the potential application of this strategy, some samples mixed with dif-
ferent concentrations of E. coli were tested. The results are summarized in Table 2. The
recovery rates of E. coli in the pork samples ranged from 95.2% to 102%. Compared with the
ELISA method for the rapid detection of E. coli, the detection limit of this method is lower,
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which further illustrates the superiority of this method. The above conclusion demonstrates
that the proposed sensing platform can be used for E. coli in food samples.

v S
s S
<z0 > &

N o, g
& ¢ & & @ &

(A) (B)

Figure 7. (A) The bacterial specificity based on paper chip analysis. (B) The resistance ability
formicrofluidic chip bacteria analysis based on matrix interference.

Table 2. Detection of E. coli in real samples using the proposed method (1 = 5).

Samples (cszgtijl;;:lm ?é?éfniif Rei;:)ery RSD (%) (CFi:I{}/Sn?L)
Fish 1 0 ND ND
103 (0.95 + 0.06) x 103 95.2 6.5 ND
10° (0.98 + 0.05) x 10° 98.1 5.4 (1.18 £ 0.10) x 10°
Fish 2 0 ND ND
103 (0.96 + 0.05) x 103 9.3 59 ND
10° (1.02 £ 0.07) x 10° 102 6.8 (0.94 £+ 0.19) x 10°
Shrimp 1 0 ND ND
103 (1.01 £ 0.05) x 103 101 47 ND
10° (0.99 + 0.06) x 10° 99.4 6.1 (1.10 £ 0.14) x 10°

ND: No detection.

4. Conclusions

In conclusion, the fabricated FL phage sensor can be used to POC quantify E. coli O157
bacteria in foods. Its particular merits illustrate the simplicity of its manipulation. It avoids
the need for the employment of any precise instrumentation or trained persons. It also has
sufficient sensitivity, a wide detection range, and high selectivity. The LOD for the bacteria
is below 100 CFU/mL, which meets the standards established by governmental agencies
for E. coli O157. Although it is comparable to ELISA, the new paper-chip-based platform
has the potential to be developed as a simple, portable, sensitive, and low-cost analytical
tool for immediate bacterial diagnosis and POC tests of food safety.
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