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Abstract Staphylococcus aureus is a major foodborne path-
ogen worldwide, and as little as 1 pg of staphylococcal en-
terotoxins (SEs) can cause food poisoning. Among SEs, en-
terotoxin A is the most common toxin that causes staphylo-
coccal food poisoning. Hence, this work has developed a dual-
labeled PCR-based immunofluorescent assay using anti-
digoxigenin (DIG) antibody-tagged immunomagnetic beads
(IMBs) as the capture reagent and cocktail-sized
NeutrAvidin-tagged liposomal nanovesicles (NA-LNs) that
encapsulate fluorescent dyes as the detection reagent. In this
approach, the amplicon of sea gene was doubly labeled with
DIG and biotin using modified primers and biotin-11-dUTP.
The system depends on the immunocapture of IMB to pre-
concentrate the labeled amplicons, which were further quan-
tified using cocktail-sized NA-LNs, based on the release and
subsequent measurement of encapsulated fluorescent dyes fol-
lowing the lysis of NA-LNs. After optimization, the devel-
oped assay could detect S. aureus and differentiate it from
other common foodborne bacteria, such as Salmonella
enterica and Escherichia coli, with a limit of detection
(LOD) of 10" CFU mL ™" without pre-enrichment. With a 2-
h pre-enrichment, this developed assay could detect as little as
1 CFU in 25 mL of milk within a workday. Hence, this work
established a rapid and sensitive PCR-based immunofluores-
cent assay using liposomal nanovesicles as an instant signal
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enhancer to detect the contamination of enterotoxic S. aureus
in milk.
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Introduction

Staphylococcus aureus is a major foodborne pathogen that
causes staphylococcal food poisoning (SFP) and is often
found in dairy products, well-cooked meat, egg, fish, and veg-
etables. About 14% of people who are infected with this path-
ogen require hospitalization (Aycicek et al. 2005). In 2013, in
the EU, 386 foodborne outbreaks were caused by staphylo-
coccus toxins, representing the largest percentage (46.3%;
386/834) of foodborne outbreaks caused by bacterial toxins,
and 3203 people were intoxicated, and 210 persons (6.6%;
210/3203) were hospitalized from these SFP outbreaks
(EFSA 2015). As low as 1 ug of enterotoxin from S. aureus
can lead to food poisoning that is equivalent to that caused by
1 g of food that contains 10° CFU of S. aureus (Baird and Lee
1995). Staphylococcal enterotoxins (SEs) are heat-stable and
resistant to proteases, such as pepsin, trypsin, and chymotryp-
sin. Therefore, even after heating during food processing or
passing through the human digestion system, SEs can still
cause diarrhea, vomiting, nausea, abdominal cramps, exhaus-
tion, and other symptoms, which typically appear 2—4 h after
ingestion of contaminated food (Balaban and Rasooly 2000).

Twenty-one SEs have been identified, of which staphylo-
coccal enterotoxin A (SEA) is the one responsible for the
largest number of food poisoning outbreaks (Kérouanton
et al. 2007; Argudin et al. 2010). In the UK, 359 outbreaks
and sporadic cases of SFP occurred from 1969 to 1990. Of all
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S. aureus, 79% strains, either alone or together with other SEs,
can produce SEA (Wieneke et al. 1993). In South Korea,
among 332 strains of S. aureus isolates associated with SPF
from 1999 to 2002, SEA alone accounted for 15.3% (51
strains) and SEA with other toxins accounted for 76.5% (254
strains) of isolated 332 strains (Cha et al. 2006). SEA is a
27.1 kDa protein, and its toxin gene is located on bacterial
chromosomal DNA (Jay et al. 2005). The frequent presence
of SEA in outbreaks may be due to its heat-stable property and
resistance to proteases in the human gastrointestinal tract. The
amount of SEA that is required to cause staphylococcal food
poisoning depends on the vehicle food. In low-fat milk, the
required dosage of SEA is £0.38 ng mL ™", while in powdered
skimmed milk, it is approximately 3.7 ng g~ (Asao et al.
2003). Therefore, a quick and sensitive assay for detecting
SEA-producing S. aureus in foods must be developed.

Numerous methods have been developed to detect entero-
toxins or bacterial cells of S. aureus. Lateral flow assay (LFA)
is rapid, user-friendly, and low-cost, and it has been utilized to
detect SEs with a low limit of detection of a few nanograms
per milliliter (Jin et al. 2013). However, LFA is not a high-
throughput assay and typically requires 12—18 h of pre-
enrichment to generate a detectable level of microbial contam-
ination. The polymerase chain reaction (PCR) can exponen-
tially amplify the target DNA to a detectable level within a few
hours and so is regarded as a powerful tool for the detection of
foodborne pathogens (Lii et al. 2004). For example, a multi-
plex PCR has been developed for detecting genes of SEs A to
E, toxic shock syndrome toxin 1, exfoliative toxins A and B,
and intrinsic methicillin resistance, with a sensitivity of ten
genes of S. aureus (Mehrotra et al. 2000). Typically, after a
PCR, the amplicon is observed by gel electrophoresis, which
takes time to prepare and perform. Thus, PCR enzyme-linked
immunosorbent assay (PCR-ELISA), in which an immuno-
logical reaction is used to determine the amount of PCR
amplicons, is favored over gel electrophoresis, blotting, or
hybridization for the rapid screening of samples with both
high accuracy and high throughput (Gomes et al. 2010).

In immunomagnetic separation (IMS), the capture antibody
is coated on the surfaces of magnetic beads. Unlike the two-
dimensional coating of antibodies on a microtiter plate, the
coating on a magnetic bead (MB) surface is three-dimension-
al, so the surface area for antibody conjugation is significantly
higher. Owing to their superparamagnetic characteristics,
antibody-tagged magnetic beads (immunomagnetic bead
(IMB)) can be freely suspended in samples, supporting rapid
assay kinetics and an improvement in the capture efficiency of
target molecules. Moreover, IMS offers highly efficient wash-
ing and separation steps, so the matrix effect can generally be
minimized. Therefore, IMS is recognized as a fast and effi-
cient means of isolation and concentration for targets and has
been utilized to develop assays without pre-enrichment or
pretreatment (Zacco et al. 2006; Tamanaha et al. 2008; Chu
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et al. 2009). To detect or quantify the captured target mole-
cules, these molecules must typically be detected by antibod-
ies that are labeled with fluorescence, enzyme, or liposomal
nanovesicle (LN). LNs are spherical particles that are com-
posed of phospholipid bilayers around a large aqueous cavity,
which entraps many fluorescent dye molecules, and the re-
lease of encapsulated dye molecules by the lysis of LNs can
instantly generate a strong signal (Edwards and Baeumner
2006a). LNs are rather stable, and various biomolecules can
be conjugated on liposomal surfaces to detect various targets
(Wen et al. 2016). For instance, LNs have been used in estab-
lishing IMB-based immunoassays for detecting dengue virus
RNA, Bacillus cereus, and gliadin (Zaytseva et al. 2005; Chu
et al. 2009; Chu and Wen 2013).

This work develops a rapid and sensitive assay for detect-
ing the sea gene of SEA-producing S. aureus, based on the use
of IMB to isolate and pre-concentrate dual-labeled PCR
amplicons of the sea gene, which were then detected using
NeutrAvidin-tagged liposomal nanovesicles (NA-LNs) in
which a large amount of sulforhodamine B (SRB) fluorescent
dye molecules were encapsulated. The sea gene was firstly
amplified in a PCR and dual-labeled with DIG and biotin.
The labeled amplicons were then isolated by anti-DIG anti-
body-tagged IMBs and subsequently detected with NA-LNs.
Therefore, as the number of generated amplicons of the sea
gene increases, more NA-LNs react and are bound with the
“amplicon-IMB” complexes, so the fluorescent signal after
the lysis of NA-LNs becomes stronger.

Materials and Methods
Materials

Magnetic beads that were coupled with protein G,
tetramethylbenzidine (TMB), dNTP set, Taq polymerase,
streptavidin-horseradish peroxidase (SA-HRP), and magnets
were all bought from Invitrogen Corp. (Carlsbad, CA, USA).
Polycarbonate filter membranes were purchased from
Whatman (Clifton, NJ, USA). Dipalmitoyl phosphatidylcho-
line (DPPC), dipalmitoyl phosphatidyl ethanolamine (DPPE),
and dipalmitoyl phosphatidyl glycerol (DPPG) were obtained
from NOF Corp. (Tokyo, Japan). Chloroform and methanol
were bought from Merck (Darmstadt, Germany). Bovine se-
rum albumin (BSA), n-octyl-f-D-glucopyranoside (n-OG),
Sephadex G-50, Sepharose CL-4B, N-ethylmaleimide
(NEM), sulforhodamine B (SRB), N-succinimidyl-s-
acetylthiopropionate (SATA), ethylenediaminetetraacetic acid
(EDTA), and all other chemicals that were used in this work
were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Biotin-11-dUTP was obtained from Biotum, Inc.
(Hayward, CA, USA). Tryptic soy broth (TSB) and tryptic
soy agar (TSA) were bought from Difco Laboratories
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(Detroit, MI, USA). Bacterial cultures were purchased from
Food Industry Research and Development Institute in
Hsinchu City, Taiwan.

Preparation of Inmunomagnetic Beads

IMBs were prepared using protein G-coated magnetic beads
that were conjugated with anti-DIG antibody for capturing
DIG-labeled PCR amplicons. To determine the optimal
amount of antibody to be tagged on the magnetic beads, var-
ious amounts of antibodies (0, 50, 100, 150, 200, and
250 pg mL™") were incubated with the magnetic beads for
30 min at room temperature (RT) with gentle shaking. After
they were washed, the IMBs were blocked with 0.1% BSA,
suspended in Tris-buffered saline that contained sucrose
(TBSS 0.02 M Tris with 0.15 M NaCl, 0.01% NaN3, pH
7.5, and osmolality 530 mmol kgﬁl), and stored at 4 °C until
use. These IMBs were used to capture the biotin and DIG
double-labeled sea amplicons, which were detected using
streptavidin-HRP and TMB. Absorption at 650 nm was mea-
sured using an ELISA reader (Tecan Trading AG, Infinite®
M200 PRO, Switzerland).

Preparation of NeutrAvidin-Tagged Liposomal
Nanovesicles

ATA-liposomal nanovesicles (ATA-LNs) were prepared by the
hydration/freezing and thawing/extrusion method (Wen et al.
2006). First, DPPE-ATA was produced by conjugating DPPE
to SATA. A mixture of DPPC, DPPG, cholesterol, and DPPE-
ATA was dissolved in chloroform, which was then dried in a
rotary evaporator. The dried lipid film thus formed was hydrat-
ed by adding 3 mL of 0.15 M SRB solution. The lipid solution
was processed through five freeze-and-thaw cycles and then
extruded through polycarbonate membranes with pore sizes
of 0.4, 0.2, and 0.1 um. ATA-LNs were purified using a
Sephadex G-50 column with TBSS, and the size of LNs was
determined by laser diffraction using an LS particle size ana-
lyzer (Coulter Scientific Instruments, Hialeah, FL., USA). Next,
NA-LNs were produced by conjugating maleimide activated
NA to deprotected ATA-LNs, with mol% of NA to total lipid
of 0.1, 0.2, 0.3, and 0.4. After the reaction was quenched by
using NEM, NA-LNs were purified using a Sepharose CL-4B
column and the phospholipid concentration of NA-LNs was
determined using Bartlett’s phosphorus assay (Bartlett 1959).
NA-LNs were stored at 4 °C until use.

PCR Reaction

First, for studying the effect of the biotin position on assay
performance, three biotinylation strategies for PCR amplicons
were tested. Strategy 1 (tail labeling) involves biotinylation at
the 5’ end of amplicons using a biotinylated forward primer;

strategy 2 (body labeling) involves biotinylation along the
entire amplicon using biotin-dUTP, and strategy 3 (body and
tail labeling) invovles biotinylation at the 5" end and the entire
amplicon, using a biotinylated forward primer and biotin-
dUTP. PCR primers herein were used to amplify the 102 bp
DNA of the sea gene of S. aureus (Mehrotra et al. 2000). The
unlabeled or biotinylated forward primer (5'-GGTT
ATCAATGTGCGGGTGG-3') and the reverse primer (DIG-
5'-CGGCACTTTTTTCTCTTCGC-3") were synthesized by
Bio Basic Inc. (Markham, Ontario, Canada). For strategy 1,
PCR mixture contained genomic DNA; 1 uL of primers
(10 uM); 2.5 puL of 1 mM dATP, dGTP, dCTP, and dTTP;
7.5 uL of betaine (5 M); 5 uL of tenfold reaction buffer;
0.6 uL of Tag DNA polymerase; and distilled water. While,
for strategy 2 and strategy 3, 2.5 uL of | mM dTTP was
replaced by 1.62 uL of 1 mM dTTP and 0.85 pL of 1 mM
biotin-11-dUTP. Target DNA was amplified through a thermal
cycler (G-Storm, UK) under the following conditions: initial
denaturation at 94 °C for 5 min, 40 cycles of denaturation at
94 °C for 45 s, annealing at 59 °C for 45 s, extension at 72 °C
for 45 s, and final extension at 72 °C for 10 min. The
amplicons were stored at —20 °C before use.

Bacterial Growth

Salmonella enterica, Escherichia coli, and S. aureus were
grown in TSB for 12 h at 37 °C with shaking at 125 rotation
per minute (rpm). Cultures were serially diluted using
0.064 M phosphate buffer (PB, pH 7.5), and bacterial concen-
trations were determined by adding 0.1 mL of serial diluted
samples into TSA plates. Colonies were counted after the
plates had been incubated at 37 °C for 12—14 h.

Sample Preparation of the Contaminated Milk

Firstly, S. aureus-free milk samples were verified using a
spread plating method referred from the study of Borsa et al.
(2016). To obtain milk samples containing bacterial cells, the
examined milk was mixed thoroughly with bacterial culture to
yield a mixture with 1 CFU in 25 mL milk. According to
National Standard of the People’s Republic of China for the
detection of S. aureus (GB 4789.10 2010), the sampling vol-
ume is 25 mL. Therefore, 25 mL of the spiked samples was
mixed with 5 mL of TSB and then incubated at 37 °C for
various periods (0, 1, 2, and 3 h) to find the shortest enrich-
ment time that yielded an amount of S. aureus that could be
detected by this developed assay. Before analysis, samples
(1 mL) were centrifuged for 5 min at 15,000 rpm. After
discarding the supernatant, the pellet was washed with 1 mL
of Tris-EDTA buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.8)
and then 1 mL of sterile water. Finally, the pellet was resus-
pended in 50 pL of sterile water, and the bacterial DNA in the
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pellet was extracted using a TANBead® Gram Bacteria DNA
Kit (Taiwan Advanced Nanotec Inc., Taiwan).

Assay Optimization and Performance

In the beginning of assay optimization, two immunoassay
formats were testified for shortening the assay time. Format
1 involves an all-in-one procedure in which amplicons
(25 uL), IMB (20 puL), and NA-LNs (125 pL) are mixed all
together and incubated at 37 °C for 1 h. The “IMB-amplicon-
NA-LN” complexes were washed three times with TBSS, and
60 uL of 30 mM n-OG was added with 10 min of vigorous
shaking to release the encapsulated SRB molecules from NA-
LNs. While, the format 2 involves a traditional step-by-step
procedure, in which 20 pL of IMB was firstly mixed with
25 uL of amplicons for 30 min at 37 °C, washed, and then
detected using 125 puL of NA-LNs with 1-h incubation at
37 °C. Like format 1, the IMB-amplicon-NA-LN complexes
of format 2 also were washed with TBSS, and the encapsulat-
ed SRB molecules were released by the addition of n-OG. The
solution of the released SRB of all tested samples was trans-
ferred to a black 96-well microtiter plate and was measured
using a fluorescence ELISA reader (BioTek® FLx800™, VT,
USA) with an excitation wavelength of 540 nm and an emis-
sion wavelength of 590 nm. Furthermore, to determine the
optimal IMB volume of'this developed assay, various amounts
of IMBs (15, 20, 25, and 30 uL) were testified with 25 uL of
10 nM amplicons produced based on strategy 3 (body and tail
labeling) with the step-by-step assay format. The lowest IMB
volume with a high signal-to-noise (S/N) ratio was chosen for
further optimization. Finally, to find the optimal parameters
for NA-LNs for this study, different sizes of NA-LNs (125,
200, 300, and 400 nm), various molar ratios of 125 nm NA-
LNs in the mixture of 200 and 125 nm NA-LNs (0, 33.3, 66.7,
and 100%), and different mol% of tagged NA on the liposo-
mal surface (0.1, 0.2, 0.3, and 0.4 mol%) were tested with
amplicons and IMBs using the step-by-step assay format.

To evaluate the performance of this developed assay on
detecting S. aureus, samples that were spiked with S. aureus
were firstly extracted using a TANBead® Gram Bacteria
DNA Kit, and then, the sea gene of S. aureus was specifically
amplified through PCR with biotinylated forward primer and
biotin-11-dUTP (strategy 3). Subsequently, the amplicons
were detected using the step-by-step procedure (format 2) as
mentioned above. A strong signal indicates a high concentra-
tion of S. aureus in a sample. The sensitivity of this developed
assay was assessed using a standard solution of S. aureus
(10'-10° CFU mL™") in milk to plot a dose-response curve.
In this work, the S/N ratio is defined as the fluorescent signal
of a sample (S) to that of the background noise (N). The
detection threshold in this study is defined as an S/N ratio of
3, and the limit of detection (LOD) for S. aureus was obtained
from the dose-response curve as the concentration of bacterial
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cells that corresponded to the detection threshold (S/N = 3).
The specificity of this developed PCR-based immunoassay
was evaluated using two common foodborne bacteria—
S. enterica and E. coli, with 10° CFU mL™! as the final
concentration.

Statistical Analysis

Results are presented as the mean + standard deviation (SD).
Statistical analyses were carried out using the SAS statistical
package (SAS Institute, NC, USA). A P value of under 0.05
was considered significant. Each assay was repeated in three
independent runs (n = 3).

Results and Discussion
Optimization of Assay Format

In immunoassays, commonly used biotin-binding proteins in-
clude avidin, streptavidin, and NeutrAvidin. Avidin (67 kDa)
is a glycoprotein in egg white with a basic isoelectric point (pl)
of 10; streptavidin (60 kDa) is isolated from Streptomyces
avidini and has a mildly acidic pl of 5, and NeutrAvidin
(60 kDa) is a deglycosylated avidin with a pl of 6.3
(Korpela 1984; Bayer et al. 1990; Hiller et al. 1987). Owing
to its deglycosylation and near neutral pl, NeutrAvidin
exhibits a low non-specific binding and so provides better
assay sensitivity and specificity than avidin or streptavidin
(van Roy et al. 1993). Hence, in this study, NA was chosen
to conjugate covalently on the liposomal surface to identify
and measure the amounts of the biotinylated amplicons. To
reduce the assay time, two immunoassay formats were tested
herein (Fig. 1). Format 1 involves an all-in-one procedure in
which dual-labeled amplicons, anti-DIG antibody-tagged
IMBs, and NA-LNs are mixed all together, while format 2
involves a traditional step-by-step procedure, in which IMB
was firstly mixed with dual-labeled amplicons, washed, and
then detected using NA-LNs. Figure la presents the results
obtained using these two formats in detecting various concen-
trations of dual-labeled amplicons. According to the result, the
S/N ratios obtained using format 2 exceeded those obtained
using format 1, perhaps because in format 2, IMB was utilized
to isolate and pre-concentrate amplicons, resulting in a high
concentration of amplicons that could react effectively with
NA-LNs, whereas in format 1, all reagents were mixed togeth-
er, yielding lower concentrations of amplicons to react with
NA-LNs, leading to fewer bound NA-LNs and relatively
weaker signals than obtained using format 2. The LOD is
defined herein as the concentration of amplicons that yields
an S/N ratio of 3, and the calculated LOD values obtained
using format 1 and format 2 were approximately 2.89 and
0.55 nM, respectively. The dynamic range of format 1 was
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Fig. 1 Optimizing the assay A
format using IMB and NA-LNs. a 21 1
The S/N ratios obtained with
spiked samples that were detected 18 -
using assays of different formats. )
b The schematic diagram for s
formats 1 and 2. Format 1 E 151
involves an all-in-one procedure, 5
in which amplicons, IMB, and Py 12
NA-LNs are all mixed together. K]
Format 2 involves a step-by-step Z° 9
procedure, in which sea amplicon 8
is firstly isolated with IMB, and =
then, the bound amplicons are g., 61
detected with NA-LNs 7
3 -
0 -

0.33

Format 1

OFormat 1: all-in-one format
B Format 2: step-by-step format

1 3.3 10 33 100
Concentration of PCR Amplicons (nM)

Format 2

e ___ Dual-labeled amplicon

about 3.3-33 nM of amplicons, covering only one order of
magnitude, whereas that of format 2 was approximately 1—
100 nM, varying by two orders of magnitude. In format 1,
an obvious hook effect was observed at 100 nM amplicons,
perhaps because at a high concentration of amplicons, the
competition between free amplicons and the amplicons that
were conjugated with NA-LNs for binding to IMBs became
more aggressive, reducing the number of NA-LNs that could
be captured by IMBs, weakening the fluorescent signal, as
displayed in Fig. 1b. The traditional approach to eliminate
the hook effect for immunoassays is to use heterogeneous
assays that include a washing step between the steps in which
samples, labeled antibodies, or substrates are added (Vaidya
et al. 1988). Although the implementation of format 1 was
easier and quicker than that of format 2, format 2 provides a
lower LOD and a wider dynamic range. Therefore, format 2,
which is a step-by-step procedure, was utilized hereafter.

Effect of Biotinylation Position on Assay Signal

Biotinylation has been extensively applied in the development
of PCR-based immunoassays as biotinylated primer or AINTP

Anti-Dig antibody @ NeutrAvidin

can be incorporated into DNA amplicons, which are subse-
quently detected through avidin-biotin or antibody-antigen
interactions. This immunoreaction step replaces complicated
DNA hybridization for detecting amplicons with high
efficiency (Jung et al. 2008b). In this work, three biotinyl-
ation strategies for PCR amplicons were used to study the
effect of the position of biotin on assay performance.
Strategy 1 (tail labeling) involves biotinylation at the 5" end
of amplicons with a biotinylated forward primer; strategy 2
(body labeling) involves biotinylation along the entire
amplicon using biotin-dUTP, and strategy 3 (body and tail
labeling) involves biotinylation at the 5’ end and along the
entire amplicon. Since the amplicon of the traget gene in this
study is a 102 bp fragment with an adenine-thymine (AT)
content of 58.8%, and biotin-dUTP is a better substrate for
Taq polymerase than biotin-dATP, biotin-dUTP was used in
this work to yield a high biotin labeling density on the
amplicons (Tasara et al. 2003). Additionally, relative to bio-
tinylated dNTP with short linker arms (biotin-4-dUTP), bio-
tinylated dNTP with a long linker (biotin-11-dUTP or biotin-
16-dUTP) usually generates a stronger signal in immunoas-
says owing to the ease of formation of avidin-biotin
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complexes, but it exhibits low incorporation efficiency in the
production of PCR amplicons. Moreover, 100% biotin-dUTP
substation for dTTP caused a complete inhibition of PCR
amplification (Paul and Yee 2010). Therefore, in this work,
biotin-11-dUTP was used to replace parts of the dTTP with
dTTP/biotin-dUTP molar ratio of 2/1. Theoretically, in strate-
gy 2, about 33% dTTP is replaced by biotin-dUTP, leading to
12 (36/3) tagged biotin molecules on amplicons. With an ad-
dition of a biotin at the 5’ end, strategy 3 yields 13 tagged
biotin molecules on amplicons. Figure 2 shows the results of
the three strategies in the detection of various concentrations
of amplicons. The fact that strategy 1 (tail labeling) yielded the
lowest S/N ratios might have followed from the fact that only
one biotin was tagged at the 5’ end of each amplicon, so the
probability that NA-LNs conjugated with this type of biotinyl-
ated amplicon was small. Strategy 3 (tail and body labeling)
yielded the strongest signal with the lowest LOD because it
provided the largest amount of tagged biotin per amplicon
among three strategies. Therefore, in this work, biotin-11-
dUTP and biotinylated forward primer were simultaneously
applied to generate the PCR amplicons.

Optimization of IMB Reaction Conditions

Immunomagnetic separation (IMS) is a simple and effective
means of extracting targets from a mixture and has been ap-
plied in detecting mycotoxins, pathogens, and allergens (Babu
and Muriana 2011; Xu et al. 2016; Chu and Wen 2013). In
IMS, the capture antibodies are tagged on the surfaces of
magnetic beads that are mobile and are able to provide a large
binding surface for antibodies, resulting in a high efficiency to
capture target molecules (Wellman and Sepaniak 2006). For
instance, IMB-based ELISA exhibits up to 64 times the ana-
lytical sensitivity of microplate-based ELISA in the detection

Fig. 2 Comparison of assay 21
performance when three
biotinylation strategies are
applied to sea amplicons. Strategy

of classical swine fever virus antigen (Conlan et al. 2009).
Therefore, in this work, the capture antibody, anti-DIG anti-
body, was coated on protein G magnetic beads to isolate DIG-
labeled amplicons. Antibodies can be tagged on MB through
covalent binding or non-covalent biding. Covalent binding
using conjugation reagents, such as glutaraldehyde, may result
in the denaturation or non-proper orientation of antibodies and
thus reduce their immunoactivity (Jung et al. 2008a). With
respect to non-covalent conjugation, the ligand attachment
involves specific recognition, such as the binding of protein
G to the crystallizable fragment (Fc) region of antibodies,
which exposes the antigen-binding fragment (Fab) to interact
with antigens, usually improving assay performance
(Leserman et al. 1980). Hence, protein G magnetic beads were
used to produce IMBs as the capture reagent in this study. To
optimize the production of IMBs herein, different amounts of
anti-DIG antibody (50-250 pg mL ') were mixed with pro-
tein G magnetic beads. As displayed in Supplementary Fig. 1,
the absorbance at 650 nm increased with the antibody concen-
tration to 200 g mL ™', remaining at 2.25 AU as the antibody
concentration increased further, indicating that the surface ar-
ea of protein G magnetic beads that were available for binding
to antibodies became saturated. Thus, the optimal process for
generating IMB in this study involved reacting 100 uL of
200 pg mL ™" antibodies with 100 pL of 30 mg mL™" protein
G magnetic beads.

The purpose of using IMB in this work is to identify and
concentrate the labeled amplicons for further quantification.
To reduce the cost of materials and perform a sensitive assay,
various IMB volumes (15, 20, 25, and 30 uL) were tested to
determine the lowest volume of IMBs that yielded a high S/N
ratio. Figure 3 displays the intensity of fluorescent signals and
the S/N ratios of various IMB volumes, based on the analysis
of the unspiked sample (N) and the sample spiked with 10 nM

O Strategy 1 (tail labeling)
18 O Strategy 2 (body labeling)

ig;vlf’clzlfsﬁtlﬁlj‘t;f(l)‘ﬁzgsfoﬁg £ | mStrategy 3 (bodyatal labeling)
primer. Strategy 2 involvs body E
labeling with biotinylation along %
entire DNA fragment of Py 12 ]
amplicons using biotin-11-dUTP. 0
Strategy 3 involves body and tail 2 9 _I_
labeling with biotinylation at 5’ 8
end and along entire amplicon =
using modified forward primer S 6
and biotin-11-dUTP 0

3

0 .

0.33 1 3.3 10 33
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Fig. 3 Optimization of the 100000 - _ - 18
volume of IMBs for the 90000 Ounspiked sample
developejd immunofluorescent @ spiked sample X a o
assay. Different volumes of IMBs a o
. . 80000 - L5 @

were incubated with a test sample b 8
(ur}splke@ sample or sample 5 70000 - 5
spiked with 10 nM of sea < >
amplicons) at 37 °C for 30 min, ;’ 60000 - L 12 %
and bound amplicons were 2 ®
detected using NA-LNs. 8 50000 - @
*Different letters indicate 2 2
significant difference between § 40000 - -9 g
S/N ratios (P < 0.05) T 30000 - g.

20000 - -6 +

10000 -

0- -3
15 20 25 30

amplicons (S). The intensity of the fluorescent signals and the
S/N ratios of the tested samples increased with the increase of
IMB volume, reaching a steady state in the tests with 25 and
30 uL of IMB. Therefore, 25 uL IMB was selected to maxi-
mize the S/N ratio for further assay development.

Optimization of NA-LNs

In this study, NeutrAvidin was tagged on LNs to form NA-
LNs as the detection reagent; inside the NA-LNs the SRB
fluorescent dye molecules were encapsulated. The detec-
tion efficiency of a batch of NA-LNs depends on their par-
ticle size and the mol% of NA tagged on their surfaces.
Therefore, in this work, firstly, the size of NA-LNs was
optimized using LNs of four sizes (125, 200, 300, and
400 nm) to detect different concentrations of amplicons of
the sea gene, as displayed in Table 1. When 2.5 log
picomolarity (pM) of amplicons were detected, 200 nm
NA-LNs yielded the highest S/N ratios, while 125 and
400 nm NA-LNs provided relatively low S/N ratios. The
lower S/N ratio was obtained using 125 nm NA-LNs per-
haps because fewer SRB molecules were encapsulated in-
side smaller NA-LNs (Shin and Kim 2008). The lower S/N

IMB Volume (uL)

ratio was obtained using 400 nm NA-LN perhaps because
larger particles cause more significant steric hindrance or
steric resistance, interfering with conjugation with IMB-
amplicon complexes (Edwards and Baeumner 2006b).
Interestingly, 125 nm NA-LNs exhibited the highest S/N
ratio of any of the four batches of NA-LNs when a high
concentration of amplicons (4.5 log pM) was detected, re-
vealing that the steric hindrance of liposomal nanovesicles
became more significant in detecting high concentrations of
amplicons. In Table 1, 200 and 125 nm NA-LNs gave the
highest S/N ratio in the detection of low and high concen-
trations of amplicons, respectively. Therefore, in the next
optimization stage, the combined use of 125 and 200 nm
NA-LNs was testified with four various molar ratios of
125 nm NA-LNs in the mixture (0, 33.3, 66.7, and 100%),
in order to elucidate the effect of this new strategy on the
S/N ratio of this developed assay (Fig. 4a). The S/N ratio
increased as the increase of molar ratio of 125 nm NA-LNs
from 0 to 66.7% but significantly decreased using 100% of
125 nm NA-LNs, no matter in detecting 2.5 or 4.5 log pM
of amplicons. Therefore, a mixture of NA-LNs with 66.7%
of 125 nm NA-LNs and 33.3% of 200 nm NA-LNs was
chosen for the further application. Additionally, the mol%

Table 1 Effect of size of

NeutrAvidin-tagged liposomal NA-LN Amplicon concentration [log picomolarity (pM)] log LOD
nanovesicles (NA-LNs) on the (nm)
signal-to-noise (S/N) ratio and the 25 3.0 3.5 4.0 4.5 (LOD,
limit of detection (LOD) in pM)
detecting different concentrations
of sea amplicons 125 1.23 +0.06° 2.68 +0.29¢ 6.67 +047° 11.74 £0.63° 26.38 £0.67% 3.39

200 2.87 +0.84° 5.68 +0.5° 9.90+0.67°  13.17+053°  1652+£046° 255

300 213010  460+026°  8.68+149*  14.63+0.11°  17.49+044° 270

400 156+0.11°  373+0.13°  683+049°  937+0.53¢ 8.24+0.79° 2.80

All four batches of NA-LNs were normalized to yield a total lipid concentration of 950 nmol mL™" . Value
(mean + SD) in the same column with different letters is significantly different (P < 0.05)
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Fig. 4 Optimization of NA-LNs A
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of tagged NA on the liposomal surface also influences as-
say performance. Therefore, an attempt was made to opti-
mize the NA mol% by using the optimized mixture of NA-
LNs tagged with four NA mol% values (0.1, 0.2, 0.3, and
0.4 mol%) in the detection of amplicons, as displayed in
Fig. 4b. When 4.5 log pM of amplicons were detected, the
S/N ratios increased as NA mol% increased from 0.1 to
0.2 mol%. Gradually, the S/N ratios declined as the NA
mol% increased to 0.4 mol%, but there was no significant
difference of the S/N ratios between 0.2 and 0.3 mol%.
Moreover, in detecting a low concentration amplicon (2.5
log pM), the S/N ratios increased with the increase of NA
mol% to 0.3 mol% and then slightly declined as the NA
mol% increased further to 0.4 mol%. This finding suggests
that a higher mol% of tagged NA resulted in a greater total
affinity between biotinylated amplicons and NA-LNs and,

@ Springer

therefore, a higher S/N ratio. However, increasing the pro-
portion of tagged NA to 0.4 mol% reduced the S/N ratio,
perhaps because too many NA molecules were conjugated
on a limited surface area of the LNs, and this overcrowding
of NA caused insufficient space for NA to react with bio-
tinylated amplicons that were bound on the surface of IMB.
Therefore, fewer NA-LNs could be bound, leading to de-
crease of S/N ratios. Based on the above results, the detec-
tion reagent of this developed assay is a mixture of 125 nm
NA-LNs (66.7%) and 200 nm NA-LNs (33.3%), on both of
which 0.3 mol% NA was tagged.

Performance of IMB/LN Fluorescent Assay

To evaluate the feasibility of this developed PCR-based
IMB/NA-LN fluorescent immunoassay in detecting
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enterotoxic S. aureus, milk samples were spiked with dif-
ferent amounts (from 10° to 10° CFU mL™!) of S. aureus
(which had been quantified by the classical plate counting
method) and analyzed using this developed assay. A semi-
logarithmic graph of S/N ratio (on the y-axis) as a func-
tion of the log concentration of bacterial count (on the x-
axis) was plotted as Fig. 5. As displayed in Fig. 5, a linear
regression with an R-squared value of 0.9944 could be
obtained from 10' to 10° CFU mL™"' and the LOD is
determined as 10" CFU mL™"' with a dynamic range of
four orders of magnitude. Several works have utilized
immunomagnetic beads to develop assays for detecting
S. aureus. For instance, an antibody/gold nanoparticle/
magnetic nanoparticle nanocomposite (antibody/AuNP/
MNPs) was used to isolate and detect S. aureus with an
LOD of 1.5 x 10> CFU for S. aureus in a milk sample

Fig. 6 Detection of 1 CFU 18
S. aureus in 25 mL milk using the

PCR-based IMB/NA-LN

immunofluorescent assay after 15
pre-enrichment for 0, 1, 2, or 3 h.
Negative control is the milk
sample without the spike of

S. aureus. Dotted line indicates
the detection threshold of the
assay (S/N =3)

12

Signal-to-Noise (S/N) Ratio
©

1 5
Log (CFUlmL)

[
SE 0

(Sung et al. 2013). In 2016, a magnetic enrichment im-
munoassay was developed, based on an immunomagnetic
separation coupled with the biotinylated cell wall binding
domain (CBD) of lysin plyV12, which can bind to
S. aureus with high affinity. Since millions of binding
sites are available on the surface of S. aureus for the
attachment of CBD, this method generated an LOD of
4 x 10> CFU mL™" in the spiked milk (Yu et al. 2016).
Compared with these two methods, the IMB/NA-LN as-
say developed herein has a lower LOD, perhaps because
of a combined effect of the amplification of target DNA
fragments by PCR, the pre-concentration of labeled
amplicons by IMB, and the instant signal enhancement
by the lysis of NA-LNs.

The specificity of this developed detection system was
evaluated by analyzing samples that were spiked with

Negative control

B 1 CFU in 25 mL milk

Pre-incubation Time (h)
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S. enterica and E. coli at a level of 10° CFU mL™". S. enterica
and E. coli are common foodborne bacteria, and several re-
ports have pointed out that S. enterica and E. coli present a
risk of contamination of milk (Mazurek et al. 2004; Oliver
et al. 2005). Since this developed assay utilizes anti-DIG an-
tibody-tagged IMB as the capture reagent to identify DIG-
labeled amplicons, DNA fragments without the sequence that
encodes the sea gene should not be amplified and so are not
detected. Additionally, based on our previous study, the prim-
er set of sea gene used herein has high specificity to S. aureus
since no amplicons were generated as analyzing other
foodborne bacteria, including E. coli, S. enterica,
Enterococcus faecalis, Yersinia enterocolitica, Vibro
parahaemolyticus, Listeria monocytogenes, and Bacillus
cereus (Yin et al. 2016). In Fig. 5, samples that were spiked
with S. enterica or E. coli exhibited S/N ratio as 1.11 and 1.09
that were far below the detection threshold (the S/N ratio as 3).
These results demonstrate that this developed assay has a high
specificity in detecting SEA-producing S. aureus.
Furthermore, to improve the sensitivity of the assay, pre-
enrichment at 37 °C was carried out for different durations
(0, 1, 2, and 3 h) on samples that were spiked with 1 CFU
of S. aureus in 25 mL of milk. After pre-enrichment, all of
these samples were analyzed by the developed assay. As
displayed in Fig. 6, after 2 h of pre-enrichment, the S/N ratios
of all spiked samples were obviously above 3, suggesting that
this developed assay was able to detect as little as 1 CFU in
25 mL of milk sample following 2 h of pre-enrichment.
Moreover, even including 2-h pre-enrichment, the entire de-
veloped assay still could be completed within 8 h, and this
efficiency is crucial for the development of any rapid method.

Conclusion

This work demonstrated the feasibility of using IMBs as a
capture reagent and NA-LNs as the detection reagent in a
PCR-based fluorescent assay for detecting the dual-labeled
amplicons of the sea gene of S. aureus. Amplicons are op-
timally labeled with DIG at the 5’ end and with biotin at the
3’ end and along the entire DNA fragment, to maximize the
assay signal. The combined use of 125 nm NA-LNs and
200 nm NA-LNs was found herein to improve significantly
the assay using NA-LNs of a single size. The developed
assay has a LOD of 10" CFU mL'S. aureus in milk, with
a good specificity. After 2 h of pre-enrichment, the 1 CFU
S. aureus in 25 mL of milk was successfully detected. The
entire assay process could be completed within 8 h (a work-
ing day), including the time required for pre-enrichment
and PCR amplification. Therefore, this developed IMB/
LN fluorescent assay is a rapid, specific, and sensitive
method for efficiently screening the contamination of
SEA-producing S. aureus in milk samples.
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