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Listeria monocytogenes, a severe foodborne pathogen causing severe diseases underscores the necessity for the
development of a detection system with high specificity, sensitivity and utility. Herein, the PoreGlow system,
based on split green fluorescent protein (GFP), was developed and assessed for the fast and accurate detection of
L. monocytogenes. Split GFP-encapsulated liposomes were optimized for targeted analysis. The system utilizes
listeriolysin O (LLO), a toxin produced by L. monocytogenes that enlarges the pores split GFP-encapsulated li-
posomes, to detect L. monocytogenes by measuring the fluorescent signal generated when the encapsulated GFP is
released and reacted with the externally added fragment of the split GFP. The system exhibited a limit of
detection of 0.17 pg/ml for LLO toxin and 10 CFU/mL for L. monocytogenes with high sensitivity and specificity
and no cross-reactivity with other bacteria. The PoreGlow system is practical, rapid, and does not require sample
pre-treatment, making it a promising tool for the early detection of L. monocytogenes in food products, which is
crucial for preventing outbreaks and protecting public health.

1. Introduction

Listeria monocytogenes is a pathogenic bacterium responsible for the
majority of human listeriosis cases, causing symptoms such as aches,
gastrointestinal discomfort, and more severe complications, including
meningitis and sepsis. The mortality rate of L. monocytogenes infections
in high-risk groups, such as pregnant women (Lamont et al., 2011),
newborns (Zou, Yang, Wiechers, & Huehn, 2020), and the elderly
(Huang, Lu, & Yang, 2023), is estimated to be approximately 20-30 %
(Hernandez-Milian & Payeras-Cifre, 2014; Leong, Alvarez-Ordonez, &
Jordan, 2014), which is a significant concern due to the potential for
severe illness and death in these vulnerable populations. In comparison,
other common foodborne pathogens, such as Salmonella and Escherichia
coli O157:H7, have a lower mortality rate, typically less than 1 %,
whereas that of Campylobacter infections is approximately only 0.1 %
(Behravesh et al.,, 2011; Collins et al.,, 2022). The detection of
L. monocytogenes in food products is critical for preventing outbreaks
and protecting public health. L. monocytogenes can grow and persist in

food-processing environments and food products even at low tempera-
tures, making contamination challenging to control (Osek, Lachtara, &
Wieczorek, 2022). Therefore, the development of technologies for
detecting L. monocytogenes is necessary to improve food safety and
prevent foodborne illnesses.

The traditional techniques wused for the identification of
L. monocytogenes have inherent limitations that necessitate improve-
ments in detection accuracy. For example, culturing involves the prop-
agation of L. monocytogenes on selective media, followed by
confirmation via biochemical tests (Law, Mutalib, Chan, & Lee, 2015).
Despite being widely utilized and cost-effective, this method may take
several days to yield results. While recognized as the gold standard for
bacterial detection, the culture method primarily quantifies the most
probable number of pathogens in food samples. However, it faces
challenges in detecting low levels of the bacterium, particularly when
there is an outgrowth of bacteria with higher population sizes in real
samples, thereby complicating the identification of lower bacterial
counts (Koyama, Hiura, Abe, & Koseki, 2021). Polymerase chain
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reaction (PCR) is a rapid and sensitive technique for detecting
L. monocytogenes (Dester & Alocilja, 2022). However, the DNA extrac-
tion step is critical for obtaining reliable results because the presence of
inhibitors in the sample matrix may lead to erroneous negative out-
comes or lower the sensitivity of the assay. Furthermore, conventional
detection methods may be ineffective for detecting bacteria in specific
types of food matrices, including those with elevated levels of salt or fat.
Some L. monocytogenes strains exhibit atypical biochemical character-
istics, making them difficult to detect using standard culture methods
(Pusztahelyi, Szabo, Dombradi, Kovacs, & Pocsi, 2016). Immunological
methods, such as ELISA (Paniel & Noguer, 2019; Prompamorn, Sithi-
gorngul, Rukpratanporn, Longyant, Sridulyakul, & Chaivisuthangkura,
2011), immunomagnetic separation (IMS) (Garrido-Maestu, Azinheiro,
Carvalho, & Prado, 2019), and lateral flow assay (LFA) (Du, Zang, Liu,
Li, & Wang, 2018; Wang et al., 2019), have limitations in detecting
L. monocytogenes in food samples, including the possibility of false-
positive or false-negative (Wang et al., 2019) results owing to cross-
reactivity with other microorganisms (Mi et al., 2022), interference
from food components or processing contaminants (Gasanov, Hughes, &
Hansbro, 2005), low sensitivity, limited detection capability for certain
strains, and interference from complex food matrices (Wang et al.,
2021). In addition, these methods may require longer assay times than
other detection techniques. To overcome these limitations, novel
detection methods that are simple, rapid, dependable, and do not
require sample pre-treatment must be developed. The implementation
of such methods can significantly enhance food safety (Guo et al., 2020).

L. monocytogenes produces a protein toxin, listeriolysin O (LLO),
which enhances the virulence and immunostimulatory properties of the
bacterium during infection (Chen, Nguyen, Mitchell, Margolis, Ma &
Portnoy, 2018). Unlike many other bacterial toxins, LLO possesses a
distinct mechanism; instead of exploiting pre-existing pores, LLO has the
remarkable ability to insert itself into the host cell membrane and oli-
gomerize, resulting in the formation of a considerably larger pore size
ranging from 300 to 800 A. This ring-like structure generated by LLO
creates a significantly expanded opening within the membrane, dis-
tinguishing it from other toxins that typically induce pore sizes smaller
than 30 A. (Dunstone & Tweten, 2012; Petrisic, Kozorog, Aden,
Podobnik, & Anderluh, 2021; Ponmalar, Cheerla, Ayappa, & Basu,
2019). This pore size enables the efflux of small molecules and ions,
disrupting host cell function and allowing L. monocytogenes to escape
from the vacuole and replicate in the cytoplasm. The ability of LLO to
create pores in host cell membranes is a critical virulence factor that
contributes to the pathogenesis of L. monocytogenes infection (Cheng
et al.,, 2020). Additionally, LLO activity is pH-regulated, which is a
unique characteristic not present in many other bacterial toxins
(Peterson, Portman, Feng, Wang, & Portnoy, 2020; Schuerch, Wilson-
Kubalek & Tweten, 2005). Owing to these unique properties, LLO is
an important target for the development of diagnostic tests and thera-
peutics for L. monocytogenes infections.

This study presents PoreGlow, a system that detects L. monocytogenes
using LLO to enlarge the pores in liposomes containing split green
fluorescent protein (GFP), causing the release of the encapsulated split
GFP, which reacts with an externally added GFP fragment to produce
fluorescence. The practical and rapid nature of the PoreGlow system,
coupled with its ability to detect L. monocytogenes without the need for
sample pre-treatment, makes it a highly promising tool for the early
detection of this harmful bacterium in food products. Timely detection
of L. monocytogenes is of utmost importance for preventing outbreaks
and safeguarding public health. The system can be easily implemented
in food processing facilities and testing laboratories to enable the quick
and accurate detection of L. monocytogenes, which, in turn, reduces the
risk of listeriosis in vulnerable populations.
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2. Materials and methods
2.1. Reagents

Soy lecithin, cholesterol, and chloroform were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Recombinant L. monocytogenes
LLO (1.25 x 10% HU/mg) protein and alpha-hemolysin from Staphylo-
coccus aureus were purchased from Abcam (Cambridge, UK). Shigella
sonnei (ATCC29930), Shigella flexneri (ATCC29903), Vibrio vulnificus
(ATCC29307), Yersinia enterocolitica (ATCC55075), Escherichia coli O15:
H7 (ATCC43894), Escherichia coli (ATCC25922), Staphylococcus aureus
(ATCC25923), Salmonella enteritidis (ATCC13076), Salmonella typhimu-
rium (ATCC 14028), Bacillus cereus (ATCC10987), Pseudomonas aerugi-
nosa (ATCC27853), Enterococcus faecalis (ATCC19433), Vibrio
parahaemolyticus (ATCC33847), Streptococcus pneumoniae (ATCC33400)
Clostridium perfringens (ATCC3624), Listeria seeligeri (KCTC3591), Lis-
teria grayi (KCTC3443), Listeria marthii (KCTC13854), Listeria innocua
(KCTC3586), Listeria welshimeri (KCTC3587) and Listeria monocytogenes
(ATCC51414, ATCC 19111, ATCC 19114, ATCC 19115, ATCC 19116,
ATCC 19117, BAA-3153) were purchased from the Korean Collection for
Type Cultures (KCTC) and American Type Culture Collection (ATCC).
The bacterial strains were grown in lysogeny broth (Vogele et al.) me-
dium with shaking at 37 °C for 24 h.

2.2. Expression constructs and protein expression

The constructs encoding half of the GFP proteins have already been
described (Bignon & Longhi, 2023). Each gene was inserted into the
pet2la (Novagen, Paris, France) expression vector to complete the GH
1-157 and HG 158-238 constructs. Constructs generated with N-ter-
minal hexahistidine-tagged GH 1-157 and C-terminal hexahistidine-
tagged HG 158-238, respectively, induce protein expression. For pro-
tein expression, E. coli BL21(DE3) Gold (Invitrogen, Waltham, MA, USA)
transformed with each expression vector was grown in LB containing
ampicillin (100 pg/L) to an optical density (OD) of 0.6 and subsequently
induced with 1 mM isopropyl f-p-thiogalactoside (IPTG, Sigma-Aldrich).
Bacteria were allowed to express recombinant proteins for 24 h at 18 °C.
The bacteria were pelleted by centrifugation, resuspended in binding
buffer (50 mM Tris-HCl pH 8.0, and 500 mM NacCl; Sigma-Aldrich), and
lysed by sonication (Sonifier 450; Branson Ultrasonics, Danbury, CT,
USA). The bacterial lysates were centrifuged at 12,000 r/m for 15 min
and the proteins were purified from the supernatants using Ni-NTA resin
(Qiagen, Hilden, Germany).

2.3. Preparation of split GFP-encapsulated liposomes

Liposome-encapsulated split GFP was prepared using the thin film
dispersion method. Soy lecithin (20 mg/mL) and cholesterol (4 mg/mL)
were mixed in chloroform, and the solvent was removed by rotary
evaporation until a thin film formed on the walls (Moghimipour &
Handali, 2012). The thin film obtained was placed in a vacuum oven at
60 °C overnight to remove any residual chloroform. The lipids were then
hydrated using 0.2 mg/mL split GFP in 10 mL of phosphate-buffered
saline (pH 7.4) for 30 min at room temperature under vigorous stir-
ring and subjected to five freeze-thaw cycles to produce unilamellar
vesicles. The large vesicles were extruded for 21 cycles using an Avanti
mini-extruder (Avanti Polar Lipids, Alabaster, AL, USA). Subsequently,
encapsulated split GFP was separated by filtration through a centrifugal
filter unit (50 kDa MWCO; MilliporeSigma, Waltham, MA, USA) and
then stored at 4 °C until use. The Z-average particle size, the poly-
dispersity index (PDI), and the zeta potential of the liposomes were
measured on freshly prepared samples through the dynamic light scat-
tering (DLS) method at 25 °C using a Zetasizer (Zetasizer Ultra-Red;
Malvern Instrument Ltd., Malvern, UK). The morphological analysis of
liposome-encapsulated split GFP was performed using transmission
electron microscopy (TEM, JEM-1011; JEOL Ltd., Tokyo, Japan).
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To optimize the concentration of liposome-encapsulated split GFP
1-157, we fixed the concentration of split GFP 158-238 at 0.2 mg/ml
and set the concentrations of liposome-encapsulated split GFP 1-157 at
0.05, 0.1, 0.2, 0.4 and 0.5 mg/ml. To assess fluorescence intensity based
on the concentration of split GFP 1-157 in the encapsulated liposomes,
we incubated liposomes with varying concentrations of split GFP 1-157
along with 10 pL of 100 pg/mL recombinant LLO toxin and 10 uM (0.1
mg/ml) split GFP 158-238 protein at 37 °C for 30 min.

2.4. Optimization of the PoreGlow system

Various conditions were tested to determine the optimal conditions
to enable split GFP-encapsulated liposomes to detect LLO. First, we
confirmed which of the designed split GFP fragments were more effec-
tively encapsulated in the liposomes. Next, an experiment was per-
formed to identify the split GFP pair that showed a higher fluorescence
response following the reaction with the split GFP fragment released
from the liposome by LLO. Finally, we performed a detection time
analysis to estimate the optimal detection time at which the liposomes
could detect LLO. After the incubation of liposomes with various con-
centrations of the LLO toxin, the detection of the system was determined
through the fluorescence reaction of the split GFP after 5, 10, 20, and 30
min.

2.5. Sensitivity of split GFP liposomes against recombinant LLO

To test the sensitivity of the split GPF-encapsulated liposome system,
split GFP 1-157 encapsulated liposomes were incubated with 10 pL of
different concentrations (from 3.125 to 100 pg/mL) recombinant LLO
toxin and 10 pM split GFP 158-238 protein at 37 °C for 30 min. The
fluorescence intensity of the split GFP reactions at various target con-
centrations was measured at 520 nm with an excitation wavelength of
480 nm using a microplate reader (BioTek, VT. USA) and visualized
using an Amersham Typhoon scanner (Cytiva, Marlborough, MA, USA).

2.6. Detection of LLO toxins secreted by L. Monocytogenes

To initiate the process, all bacteria underwent inoculation into 3 mL
of LB and were pre-cultivated at 37 °C for 20 h. Subsequently, the pre-
culture medium was transferred to the main culture medium at a 1/
100 ratio, and the main culture continued at 37 °C until the ODggq value
for each bacterium reached 1. At this stage, we calculated the CFU at an
OD value of 1, providing an accurate measure of the total number of
bacterial cells. Given that the number of cells at an ODggg value of 1
varies for each bacterium, we standardized the CFU/mL values with
respect to ODggo being 1. This normalization ensures a consistent and
comparable measure of bacterial concentration across different bacterial
strains. For the analysis of the system’s limit of detection (LOD), the
same protocol as described above was followed. The bacterial cultures
were serially diluted tenfold, resulting in concentrations ranging from 2
x 107 to 2 x 10 CFU/ml. Subsequently, 50 pL of these dilutions were
mixed with 100 pL of liposomes and 10 pM split GFP 158-238 protein.
The final used cell counts in the reaction were 108, 10°, 104, 105, 10?,
and 10 CFU/mL.

After incubating the 96-well plate at 37 °C for 30 min, the fluores-
cence signal of the split GFP was detected. For the specificity assays,
different bacterial suspensions were tested. The fluorescence emission
intensity of the filtrate was measured at 520 nm with an excitation
wavelength of 480 nm using a microplate reader (BioTek, Winooski, VT.
USA).

2.7. Detection ability of split GFP liposomes in food media
Thaw water from various foods prone to L. monocytogenes contami-

nation (milk, ice cream, cheese, beef, frozen chicken, hotdogs, pizza,
dumplings, smoked seafood, and vegetable salad) was used as a model
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food system to culture the strain. Briefly, the food sample procedure
initiated with individually weighing each food sample (10 g) and water
(90 g). These were then, blended into a slurry and left at room tem-
perature for 16 h. The water extracted from the food mixture underwent
centrifugation at 4000 r/m for 10 min, yielding a supernatant utilized as
the food media. A spike sample of 2 x 10* CFU/mL was prepared by
adding 0.1 mL of bacteria 2 x 10° CFU/mL to 0.9 mL of food sample
supernatant. Subsequently, 100 pL of liposomes, 50 pL of food media
containing bacterial cells (approximately 10° CFU/mL), and 10 uM split
GFP 158-238 were added into 96-well plates and incubated at 37 °C for
30 min. The fluorescence signal of the split GFP was detected at 480 nm,
and fluorescence images were acquired by scanning the sample using an
Amersham Typhoon scanner (Cytiva).

The samples, including hot dog, salmon, cottage cheese, milk,
chocolate milk, vanilla ice cream, bag of raw spinach, cabbage, romaine
lettuce, whole melon, processed meat, sausage, shrimp, raw chicken
thigh, and raw chicken breast, underwent grinding. Subsequently, 25 g
of each sample was mixed with 225 mL of Listeria Enrichment Broth
(LEB) and incubated at 37 °C for 24 h. For the analysis of
L. monocytogenes contamination, 1 mL of each sample media was
collected, centrifuged at 4000 r/m for 5 min, the supernatant was
removed, and the remaining pellet was suspended in 0.1 mL PBS. From
these prepared food samples, 50 pL were utilized in both the PoreGlow
and reference methods, ensuring a comprehensive verification across
various food types commonly found in supermarkets.

3. Results

Bacterial toxins can form pores in host cell membranes, with pore
sizes that vary depending on the toxin (Los, Randis, Aroian, & Ratner,
2013). Notably, LLO produces larger pores than many other bacterial
toxins, enabling the differentiation of L. monocytogenes from other bac-
teria based on the sizes of the pores formed by their respective toxins
(Podobnik et al., 2015). The size of a split GFP fragment based on the
crystal structure of GFP (PDB ID: 1GFL) is estimated to be approximately
38 A for GFP (1-157) and 25 A for GFP (158-238). PoreGlow was
designed with a liposome containing the split GFP (1-157) encapsulated
within it, which was released through the pore only in the presence of
LLO, owing to its size. If a toxin is present and the encapsulated split GFP
fragment escapes from the liposome, it reacts with the outer fragment of
the split GFP to generate a fluorescent signal. In contrast, if the toxin
does not create pores sufficiently large for the encapsulated GFP frag-
ment to escape from the liposome, the GFP fragment remains inside the
liposome and does not generate a fluorescent signal. The absence of a
fluorescence signal indicated that L. monocytogenes was not present in
the sample, thus providing a reliable method for detecting this bacte-
rium. Overall, these results demonstrated the efficacy of using pore-
forming toxins and split GFP fragments as a novel approach for detect-
ing L. monocytogenes (Fig. 1).

The process of regenerating functional GFP through the recombina-
tion and folding of its split halves is a well-established approach. These
split halves, GFP residues 1-157 and 158-237, are brought in suffi-
ciently close proximity to recombine and fold, leading to the production
of fully functional GFP (Bignon et al., 2023; Lindman, Johansson,
Thulin, & Linse, 2009; Romei & Boxer, 2019). Several split GFP-
expression vector designs were developed (Fig. S1) and used to trans-
form bacteria with plasmids encoding GH 1-157, GH 158-238, and HG
158-238. Purification of each fragment was achieved by elution from
the Ni2*-NTA column with the addition of 300 mM imidazole and
detection of bands of the expected size on denaturing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. When the two split frag-
ments were simply mixed, a complex was successfully formed and GFP
was observed in both GH 1-157/ GH 158-238 and GH 1-157/ HG
158-238 pairs (Fig. S2).

In addition, to optimize the PoreGlow system for targeted analysis,
we investigated the optimal split GFP combination. Fluorescence
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Fig. 1. A schematic diagram of the PoreGlow system for detecting L. monocytogenes using split GFP fragments and a pore-forming toxin.

intensities resulting from two different reactions were evaluated:
liposome-encapsulated GH 1-157 split GFP was reacted with HG
158-238 and LLO toxin in the first reaction, and liposome-encapsulated
GH 158-238 split GFP was reacted with GH 1-157 and LLO toxin in the
second reaction. The results revealed that pairing liposome-
encapsulated GH 1-157 split GFP and HG 158-238 split GFP with LLO
toxin generated a higher fluorescence signal (Fig. S3A), thereby identi-
fying this as the optimal split GFP combination for the PoreGlow system.
Furthermore, when liposome-encapsulated GH 1-157 split GFP was
paired with either His6-FcBP-split GFP (HG 158-238) or split GFP-FcBP-
His6 (GH 158-238) for LLO toxin detection, the latter pair demonstrated
a slightly higher fluorescence signal (Fig. S3B). Collectively, these
findings suggest that, for targeted analysis using the PoreGlow system,
the optimal split GFP combination involves pairing liposome-
encapsulated GH 1-157 split GFP with HG 158-238 split GFP. We
further investigated the influence of liposome-encapsulated split GFP
concentration on fluorescence efficiency (Mohan, McClements, & Ude-
nigwe, 2016). Our findings demonstrated that the optimal fluorescence
intensity was observed at a concentration of 0.2 mg/ml for split GFP
1-157 (Fig. S3C). The liposomes containing split GFP in this study were
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formulated with a coverage rate of 29.4 %.

The liposomes containing the split GFP constructed had a mean
diameter of 101.2 + 1.98 nm and a zeta potential of —47.9 + 2.03 mV,
indicating a negatively charged surface. The polydispersity index of the
liposomes was 0.04198, suggesting a relatively narrow size distribution
(Fig. S4A). Transmission electron microscopy (TEM) image was ac-
quired after staining with 2 % uranyl acetate, revealing distinct spher-
ical structures and a homogeneous distribution of the sample (Fig. S4B).

To evaluate the effectiveness of the PoreGlow system in quantifying
L. monocytogenes-derived LLO toxin levels, 10 uM of GH 1-157 split GFP-
encapsulated liposomes were used to measure fluorescence intensity.
Varying concentrations of LLO toxin, ranging from O to 1 pg and diluted
with 2 mM DTT, were added with 10 uM of HG 158-238 split GFP in the
experiment. The mixtures were incubated at 37 °C for 5 to 30 min, and
fluorescence intensity was measured. As a control, 1 pg of a-toxin was
added. The data demonstrated a direct correlation between the fluo-
rescence signal and both the incubation time and the quantity of LLO
toxin in the treated sample, with distinct observations of LLO toxin
within 10 min (Fig. 2A). The LOD of the PoreGlow system was deter-
mined to be 0.17 pg/ml of LLO toxin (Fig. 2B). These results suggest that

los]

3000

2500 A
y=27.309x- 17.075
R*=0.9994
2000 -

1500 4 %

1000 A

Fluorescence intensity (a.u.)

0+
0 20 40 60 80 100

Concentration of LLO (pug/mL)

0 3.125 6.25 12.5 25 50 100 (pg/mL)

Fig. 2. Fluorescence intensity changes in response to varying concentrations and incubation times of listeriolysin O (LLO) toxin in the PoreGlow system. (a) Cor-
relation between fluorescence intensity (Aex = 480 nm and e, = 520 nm), incubation time, and varying LLO toxin concentrations. (b) Determination of the limit of
detection (LOD) value of the PoreGlow system with LLO toxin. As a control, 1 pg of a-toxin was added. Data are presented as the mean + SD of triplicate

measurements.
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the split GFP and LLO-driven pore systems are effective methods for
detecting L. monocytogenes.

To assess the efficacy of the designed system for detecting
L. monocytogenes, the bacteria were cultured in LB medium supple-
mented with 2 mM DTT and subjected to varying concentrations ranging
from 0 to 10° CFU/mL. As anticipated, the results showed a direct cor-
relation between the quantity of L. monocytogenes bacteria present and
the fluorescence signal. The LOD of the PoreGlow system was deter-
mined as 10 CFU/mL, demonstrating its effectiveness in detecting
L. monocytogenes (Fig. 3). These observations offer promising insights
into the efficacy of the developed system for rapid, sensitive, and specific
detection of L. monocytogenes.

As mentioned above, LLO (Listeriolysin O) generates larger pore
sizes compared to other toxins and can insert itself into the host cell
membrane and oligomerize, forming a ring-like structure that results in
pore sizes ranging from 300 to 800 A (Dunstone et al., 2012; Ponmalar
et al., 2019). In contrast, the pore sizes induced by other toxins are as
follows: 10-20 A by the alpha toxin of S. aureus (Monecke, Muller,
Buchler, Stieber, & Ehricht, 2014), 20 A by hemolysin of Vibrio species
(Honda, Ni, Miwatani, Adachi, & Kim, 1992), 26 A by hemolysin in
Escherichia coli strain (Bhakdi, Mackman, Nicaud, & Holland, 1986),
20-24 A by YaxAB pore-forming toxin of Yersinia enterocolitica (Wagner,
Lin, Borst, & Miller, 2013), and cytolysin 10-25 A by Salmonella species
(Fink, Bergsbaken, & Cookson, 2008). To evaluate the specificity of the
newly developed PoreGlow system for L. monocytogenes detection, cross-
reactivity tests were performed using various bacterial strains (Fig. 4A).
Furthermore, we conducted additional tests to underscore the system’s
specificity, particularly in distinguishing between L. monocytogenes
subtypes and the broader Listeria genus (Fig. 4B). These bacterial strains
were cultured in an LB medium supplemented with 2 mM DTT and then
incubated in the PoreGlow system for 30 min, allowing sufficient time
for protein—protein interactions. The fluorescence intensity was
measured to evaluate the specificity of the detection system. The
consistently robust signals observed in all tested L. monocytogenes sub-
types, distinguishing them from various other foodborne pathogens and
the broader Listeria genus, highlight the precision and broad applica-
bility of our study. This emphasizes the unique specificity and feasibility
of the PoreGlow system in detecting L. monocytogenes, even among

5000
A
~ 4000 A ‘
3 y = 789.2x - 465.53 =
S R?=0.9973
% 3000 4 )
) A
g )
8 2000 -
S Y
(&)
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Fig. 3. Correlation between fluorescence signal and L. monocytogenes concen-
tration using the PoreGlow system. Liposomes containing GH 1-157 split GFP
were mixed with HG 158-238 split GFP, and different concentrations of
L. monocytogenes (0-10° CFU/mL were added. After incubation, the fluores-
cence intensity (Aexy = 480 nm and Aeyn = 520 nm) was measured. Data are
presented as the mean =+ SD of triplicate measurements.
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diverse subtypes, ultimately confirming its high specificity for
L. monocytogenes detection.

In addition, control experiments were conducted using carboxy-
fluorescein (CF) fluorescent dye-encapsulated liposomes to further
highlight that the specificity of the PoreGlow system towards
L. monocytogenes is due to its large pore size, which allows split GFP
macromolecules to be released. CF fluorescent dye was released from
liposomes upon treatment with all tested bacterial strains, indicating
that liposomes containing small molecules were not specific (Fig. S5).
Cholesterol plays a crucial role in pore formation in specific cholesterol-
dependent cytolysin (CDC) family members, necessitating significantly
higher cholesterol concentrations (45-55 mol%) for in vitro pore for-
mation (Giddings, Johnson, & Tweten, 2003). Pneumolysin (PLY) and
perfringolysin (PFO) toxins, produced by S. pneumoniae and
C. perfringens respectively, effectively bind to the membrane surface and
create pores when the cholesterol content exceeds 30 % (Kacprzyk-
Stokowiec, Kulma, Traczyk, Kwiatkowska, Sobota, & Dadlez, 2014;
Vogele et al.,, 2019). In contrast, the LLO toxin generated by
L. monocytogenes adheres to the membrane surface and creates pores if
the cholesterol content exceeds 10 % (Rezelj et al., 2018). Therefore,
pore formation among CDCs varies based on cholesterol concentration.

In order to achieve specific detection of L. monocytogenes, liposome
preparation was conducted using a cholesterol percentage of 16 %. After
testing the CDC family, prevalent in Clostridium, Streptococcus, and Lis-
teria, using the PoreGlow system (Fig. S6), the results reveal that our
liposomes, containing 16 % cholesterol, predominantly exhibit the
release of split GFP1-157 associated with LLO, resulting in a strong
fluorescence signal. Despite a comparatively weaker signal in Clos-
tridium and Streptococcus, this underscores PoreGlow’s distinct speci-
ficity for Listeria. This observation highlights PoreGlow’s reliability in
selectively detecting LLO compared to other pathogens. The significance
of this lies in the large pore size of the PoreGlow system, facilitating the
release of macromolecules such as split GFP and, thus, contributing to its
high specificity for L. monocytogenes detection. The accuracy and
selectivity of the developed detection system were strongly supported by
these findings, suggesting its potential application for rapid
L. monocytogenes detection in food. Overall, the cross-reactivity tests
provided promising evidence of the specificity and accuracy of the
PoreGlow system, highlighting its potential as a sensitive and specific
detection tool.

To assess the effectiveness of the newly developed PoreGlow system
in accurately detecting L. monocytogenes in a range of complex food
matrices, ten different food types of food underwent inoculation with 50
uL (10% CFU/m) of L. monocytogenes. Subsequently, the samples were
incubated with 100 pL of GH 1-157 split GFP- liposomes and 10 pM of
HG 158-238 split GFP at 37 °C for 30 min. As shown in Fig. 5, PoreGlow
exhibited a high degree of specificity towards L. monocytogenes, dis-
playing robust fluorescence signals only in the presence of the target
bacterium. None of the other tested bacterial strains yielded measurable
fluorescence signals. These findings highlight the potential utility of the
PoreGlow system as a rapid, sensitive, and accurate diagnostic tool for
detecting L. monocytogenes in diverse food matrices.

The PoreGlow method was evaluated in accordance with the
guidelines set by the Association of Official Agricultural Chemists
(AOAQ) for detecting L. monocytogenes in food, and it was compared to
the reference culture method. By applying PoreGlow, we successfully
identified L. monocytogenes in various food samples, confirming its ef-
ficacy with performance comparable to the reference method (Fig. 6).
Using the Probability of Detection (POD) as a statistical model, we
evaluated the performance of the PoreGlow method (POD() against the
reference method (PODg). Across repeated experiments, the PoreGlow
assay demonstrated a high POD value of 0.9, displaying its efficiency
and promising practical applications (Table S1). Importantly, the POD
analysis results indicated no significant difference between the two
methods, and the calculated difference in POD (dPOD, calculated as
PODc-PODgR) fell within a 95 % confidence interval. This robust
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Fig. 4. Cross-reactivity testing and confirmation of specificity for L. monocytogenes using the PoreGlow system. Twenty-six bacterial strains were cultured in LB
medium supplemented with 2 mM DTT, and liposomes containing GH 1-157 split GFP protein were incubated with HG 158-238 split GFP and the bacterial strains
for 30 min. (A) Fluorescence intensity plot obtained after the PoreGlow reaction with various bacterial strains, accessing cross-reactivity. (B) Fluorescence intensity
plot after the PoreGlow reaction among different Listeria species and L. monocytogenes subtypes. The fluorescence intensity (Aex = 480 nm and Aep, = 520 nm) was
measured to evaluate the specificity of the detection system. Data are presented as the mean + SD of triplicate measurements.

validation underscores the reliability of PoreGlow in detecting
L. monocytogenes in food samples. Conducted across a diverse range of
commonly found supermarket food types, this comprehensive validation
process reinforces the reliability and practical applicability of the Por-
eGlow system in real-world scenarios.

4. Discussion

L. monocytogenes is a serious foodborne pathogen that can cause se-
vere illness, particularly in vulnerable populations. Infection with this
bacterium can lead to listeriosis, a serious disease with severe symptoms
that may lead to death. Owing to the potential severity of the illness,
accurate and timely detection of L. monocytogenes is crucial for public
health and food safety. In addition to the health risks posed by
L. monocytogenes, the bacterium can also have economic consequences.
Specifically, if contaminated food products are not detected or recalled
in a timely manner, outbreaks can occur, resulting in significant finan-
cial losses for food manufacturers and retailers. Furthermore, the
detection of L. monocytogenes in food products can destroy entire pro-
duction runs and associated costs, even if the products have not yet been
distributed to consumers. By improving L. monocytogenes detection, it is
possible to prevent outbreaks and protect public health while mini-
mizing economic losses for food manufacturers and retailers.

The complexity of food matrices and the nature of L. monocytogenes
have resulted in several limitations in detecting bacteria using conven-
tional methods. Culture-based methods can produce false-negative re-
sults due to the overgrowth of competing microorganisms during the
pre-enrichment step, especially in nutrient-rich and high-microbial-
load food matrices, such as raw meat and poultry products (Sidhu &
Toze, 2009). Selective enrichment media can also pose challenges, as
they may inhibit the growth of some L. monocytogenes strains, leading to
false-negative results, or result in the growth of non L. monocytogenes
species that are phenotypically similar to L. monocytogenes, leading to
false-positive results (Nocker, Sossa, & Camper, 2007). PCR-based
methods are also problematic, as food matrix components potentially
interfere with the detection, making it difficult to distinguish true-
positive signals from extraneous DNA contamination. Furthermore,
PCR-based methods do not provide information on the concentration or
viability of the bacteria, which is crucial for risk assessment and
decision-making. Immunological assays, such as ELISA and LFA, offer
rapid alternatives to culture-based methods, but they may lack sensi-
tivity and specificity and may be prone to interference from food matrix

components, leading to false negative or false positive results (Wang
et al,, 2019). Moreover, the detection of L. monocytogenes can be
complicated by acidic and high-fat foods, which affect the growth rate
and resistance of the bacterium during sample preparation. Thus, new
and innovative technologies are necessary to address these limitations
and ensure the accurate and timely detection of L. monocytogenes in
various settings.

To address these challenges, the PoreGlow system was developed,
which uses split GFP- and LLO-driven pore formation specific to
L. monocytogenes. This system offers a rapid and accurate method for
detecting L. monocytogenes even in challenging food matrices, without
the need for pre-enrichment or selective media, in less than 30 min,
making it a rapid and efficient method for detecting bacteria in food
samples. The PoreGlow system exhibited an coefficient of variation (CV)
of 4.7 %, underscoring its high reproducibility.

Exploring current techniques (Rui et al., 2023) for detecting
L. monocytogenes reveals significant challenges. Traditional methods, in
particular, are burdened by time-consuming processes, high expenses,
and the need for specialized expertise. These challenges are more pro-
nounced in conventional approaches. In contrast, the PoreGlow system,
utilizing fluorescence and liposomes, stands out for its simplicity and
efficiency in detecting L. monocytogenes in food samples. Notable ad-
vantages include rapid results within 30 min and the elimination of the
need for pre-cultivation. Importantly, our system exhibits superior
performance with a detection limit of 10 CFU/ml and an extensive linear
range from 10 to 10 CFU/ml, surpassing alternative fluorescence-based
Listeria detection methods. For instance, methods requiring a 12 h pre-
incubation period (Servarayan et al., 2023) or featuring a detection
limit of 130 CFU/ml and a linear range of 103 to 108 CFU/ml (Yin et al.,
2019) demonstrate reduced sensitivity compared to our innovative
approach. While fluorescence-based detection systems inherently pre-
sent challenges, such as susceptibility to pH and oxygen levels, and
potential issues related to the autofluorescence of the fluorophore, the
PoreGlow assay excels in rapidly and specifically detecting
L. monocytogenes without the need for intricate procedures, effectively
overcoming these disadvantages.

In this study, we demonstrated that PoreGlow can detect
L. monocytogenes in a wide range of food products, including heavily
contaminated cheese samples, with high accuracy. The development of
technologies such as PoreGlow represents a significant advancement in
the field of food safety, with the potential to improve public health and
prevent outbreaks of foodborne illnesses. By improving our ability to
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S. Enteritidis (ATCC 13076)| 328 | 368 | 375 | 315 | 346 | 306 | 323 | 385 | 311 | 313
S. Typhimurinm (ATCC 14028)| 338 | 382 | 390 | 335 | 366 | 288 | 364 | 430 | 344 | 434
V. Vainificus (ATCC 29307)| 306 | 317 | 325 | 309 | 318 | 293 | 320 | 332 | 323 | 363
B. Cereus (ATCC 21769) 336 | 359 | 348 | 322 | 394 | 319 | 352 | 399 | 328 | 343
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Fig. 5. Specificity of the PoreGlow system in detecting L. monocytogenes in food matrices. Ten different food types inoculated with L. monocytogenes were incubated
with liposomes and HG 158-238 split GFP at 37 °C for 30 min. Fluorescence intensity and Fluorescence images were measured using excitation/emission wave-
lengths at 480/520 nm. Fluorescence images were obtained at the endpoint using a fluorescence imaging device (Typhoon, Cytiva).

detect L. monocytogenes in food products, timely action can be taken to
prevent the spread of the bacterium and reduce the risk of listeriosis in
vulnerable populations, and it can further aid food safety professionals
in taking timely action to ensure food safety and protect public health. It
would be beneficial to explore the potential of the PoreGlow system in
settings other than food safety. For example, the high sensitivity and
specificity of the system for L. monocytogenes detection could make it

useful in clinical settings for the rapid and accurate diagnosis of liste-
riosis or to detect L. monocytogenes on surfaces in healthcare facilities.
The system also has potential applications in environmental testing,
such as the detection of L. monocytogenes in water sources. Moreover, the
ability of the PoreGlow system to differentiate between viable and
nonviable bacteria can provide valuable information on the concentra-
tion and viability of L. monocytogenes in a given sample. This information
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can be used to assess the risk of an outbreak, determine appropriate
responses, and make informed decisions regarding food safety practices
and regulations.

Overall, the development of the PoreGlow system represents an
important step forward in the field of food safety and has the potential to
have significant practical applications in improving public health and
reducing the risk of foodborne illness outbreaks.
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