Open Access Article. Published on 24 August 2020. Downloaded on 4/16/2026 11:34:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2020, 10, 31243

Received 10th June 2020
Accepted 15th August 2020

DOI: 10.1039/d0ra05115b

ROYAL SOCIETY
OF CHEMISTRY

(3

Development of a portable lab-on-a-valve device
for making primary diagnoses based on gold-
nanoparticle aggregation induced by a switchable
linker

*abc

Jungwoo Hahn, @2 +* Eunghee Kim, 242 Hyebin Han {22 and Young Jin Choi
We have developed a low-cost, portable lab-on-a-valve (LOV) integrated microdevice for the detection of
pathogens in primary-diagnosis settings. This system was designed for field-based pathogen detection
based on the aggregation of gold nanoparticles induced by a switchable linker. A three-way valve, which
has attracted much attention as a functional mesofluidic platform for pressure-driven flow, has been
designed as a universal reaction platform that combines the functions of fluid flow and a reaction
chamber. In addition, we obtain rapid and enhanced visual signals by the use of a syringe filter to remove
gold nano-aggregates (Au NAs). Using this device, Salmonella Typhimurium down to 10* CFU mL™! can
be visually detected within 30 min by performing a simple operation that requires no complex

equipment. This prototype device has great potential for use in the semi-quantitative and qualitative

rsc.li/rsc-advances

Introduction

Novel bioengineering and diagnostic technologies for the
detection of pathogens are expanding their application to
a variety of fields, including molecular diagnostics, food-safety
testing, medical diagnostics, and environmental
toring.”™ The development of such platforms that enable
miniaturization, rapid diagnosis, and reduced cost for on-site
diagnoses represents an important advance.>” To date, stan-
dard testing for pathogen detection has been based on tradi-
tional cell-culture methods that require at least 48 hours.® In
addition, the enzyme-linked immunosorbent assay (ELISA) is
widely used to detect pathogens with high sensitivity and
selectivity.>'* However, these methods are difficult to apply in
the field because of their need for complex, labour-intensive
processing steps and well-trained operators.™ Therefore, it is
essential to develop a diagnostic method that enables quick and
inexpensive testing without the need for peripheral devices.
Device miniaturization techniques improve portability and
minimize the need for bulky laboratory infrastructures in
primary-diagnosis settings.">** In addition, the development of
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identification of pathogens in on-site primary diagnoses.

these compact diagnostic devices widens the range of strategies
for disease monitoring and management.**

Recently, lab-on-a-valve (LOV) devices have emerged as a new
technology for flow control.***” LOV devices have the advantage
of being directly manipulated by a programmable flow-based
platform that can adopt different coupling modes and
controlled fluid movement, as compared to the lab-on-a-chip.*®
Flow analyses by LOV devices seem to be suitable for the
development of portable analysis systems in that this tech-
nology reduces instrument size and reagent and energy
consumption, which are important benefits for field systems,
while simplifying the work required for analysis.*

In this study, we applied flow analysis to switchable linker
(SL)-based analysis using 3-way valve chambers (3-VCs). The 3-
way valve, which provides a convenient and economical means
of selecting various flow rates and directions, plays a crucial role
in almost all industrial processes, including the food field.>*>
In addition, the 3-way valve can control the flow of fluid via
a simple operation and can be applied to various fluids based
on their materials, volume, and ranges of temperature and
pressure.**?* However, a 3-way valve that is sealable, portable,
and easy to operate has not yet been developed for use as
a reaction chamber for bioassays. In addition, both disposable
syringes and syringe filters, which have the advantages of ster-
ilization, low cost, and wide application, can comprise a good
biosensing application kit in the field.**

Colorimetric detection based on gold-nanoparticle aggrega-
tion has attracted interest as a novel alternative for on-site
detection due to its simplicity and the fact that it needs no
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sophisticated equipment or technology.”?** The gold-
nanoparticle aggregation-based colorimetric method has
a limitation in that its detection signal is weak when detecting
a relatively large target such as a pathogen because the spectral
aggregation shift decreases as the distance between gold
nanoparticles increases.* Therefore, in our previous research,
we proposed the use of a switchable linker to induce the large-
scale aggregation of gold nanoparticles and to enhance the
detection signal by sedimentation of the aggregates. This novel
colorimetric detection method is expected to increase the
capability of on-site detection.

In this study, we first developed a portable kit comprising
a 3-way valve for the on-site detection of Salmonella Typhimu-
rium. This kit is based on the use of colorimetric detection by
the precipitation of gold nano-aggregates (Au NAs) and a novel
switchable linker to amplify the visible signal by the aggregation
of gold nanoparticles.***” In addition, for quick on-site detec-
tion, we introduced filtration into the device as a strategy for
improving the visual detection signal.

Experimental
Chemicals, reagents, and instruments

We purchased streptavidin, phosphate-buffered saline (PBS),
1 mM tetrachloroaurate, and bovine serum albumin (BSA) from
Sigma-Aldrich (Madison, WI), and tetraborate pH standard
solution from Wako Pure Chemicals (Osaka, Japan). We
purchased anti-Salmonella polyclonal antibody (biotin)
(ab69255) from Abcam (Cambridge, MA) and vials, ethanol, and
trisodium citrate from local suppliers.

As the buffer in the synthesis of 13 nm Au NPs, we used ster-
ilized distilled water, which we prepared with 1% (w/v) tri-sodium
citrate as a reducing agent. The buffers used for the SL-based assay
for the detection of streptavidin as a model target and Salmonella
Typhimurium were 0.01 mol L™ PBS (pH 7.4) prepared with 0.1%
and 0.5% (w/v) BSA, respectively, for blocking, and 0.01 mol L™*
tetraborate pH standard solution (pH 7.4) for diluting the strep-
tavidin. The bacterial strain used in the assay was Salmonella
Typhimurium (ATCC 19585) which was purchased from ATCC.

We performed the SL-based immunoassay in 3-VCs
purchased from a local supplier, and filtered the Au NAs using
a 50 mL syringe (local supplier) and syringe filters (Hyundai
Micro, South Korea). To determine the assay absorbance, we
used a UV-1700 spectrophotometer (Shimadzu, Japan). The size
(number) of the Au NAs was determined using a Zetasizer (Nano
ZS, Malvern Instruments Ltd., Worcestershire, UK).

Preparation of colloidal streptavidin-coated Au NPs

We prepared colloidal Au NPs with an average size of 13 nm by
reducing tetrachloroaurate with tri-sodium citrate, which is
a well-established citrate reduction method.*® We verified the
particle size by transmission electron microscopy (TEM,
JEM1010, JEOL, Japan) and UV-Vis spectroscopy (UV-1700 PC,
Shimadzu). The synthesized Au NPs had an ultraviolet-visible
spectrum peak (Anax) at 520 £ 1.0 nm. Based on the absor-
bance value (0.4 in a 1/10 dilution sample), the concentration of
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the Au NPs was estimated to be ~7 x 10" particles per mL. The
prepared Au NPs were coated with streptavidin for surface func-
tionalization using an electrostatic adsorption procedure.* To
functionalize the prepared Au NPs, we coated 40 pg of strepta-
vidin dissolved in a tetraborate solution (pH 7.4) onto 600 pL of
the citrate-stabilized Au NPs with an absorbance of 0.4 (1/10
dilution sample) at 520 £+ 1.0 nm. To remove unbound strepta-
vidin, centrifugation was conducted at 10 000g for 30 min. Then,
the supernatant containing the unbound streptavidin was
removed and washed off and then mixed with 0.5% (w/v) BSA
dissolved in PBS as a blocking buffer. The Au NPs coated with
streptavidin molecules (st-Au NPs) exhibited a peak at 531.5 +
0.5 nm at a concentration with a peak absorbance value of 0.4 (1/
10 dilution sample) in their UV-Vis spectra.

Fabrication of the portable kit

The major objective in developing the prototype kit was to
produce a low-cost portable reaction chamber with a 3-way valve
to provide an easy-to-use device for primary diagnosis. As shown
in Fig. 1, the portable kit consists of a 3-way valve that acts as
a reaction chamber, a 50 mL syringe that is used for sample
injection and as a filter press, and a syringe filter that filters out
Au NAs to obtain a rapid detection signal. To store 200 pL of
streptavidin-coated Au NPs (st-Au NPs) and handle the total
volume of 400 pL in the reaction, we determined the required
pipe length and diameter of the 3-VC to be 16 mm and 4 mm,
respectively. To minimize interaction of the device material
with proteins, we selected polyvinylidene fluoride (PVDF,
hydrophilic) as the 3-VC material.

Optimization of the syringe filter

In the SL-based assay, the visible detection signal is amplified
by the loss of colour following the precipitation of the large
scale-aggregates of Au NPs induced by the SL. In this study,

Fig.1 Photograph of the portable detection kit, which consists of the
following materials and reagents: (1) 3-way valve that serves as
a storage and reaction chamber, (2) a syringe filter (0.45 um, PVDF,
hydrophilic), (3) a signal-indication vial, (4) a disposable pipette used to
inject the test sample, (5) a 50 mL syringe for applying pressure to the
filter, (6) the reaction chamber containing the linker (b-Ab) solution,
and (7) the storage chamber containing the st-Au NP solution.

This journal is © The Royal Society of Chemistry 2020
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since a filter was introduced to quickly obtain the detection
result, experiments were conducted to compare the perfor-
mances of various filters and determine which was most effec-
tive. As shown in Table 1, filters comprising various materials
(mixed cellulose ester, polyethersulfone, cellulose acetate, pol-
yvinylidene fluoride, polyamide, and polytetrafluoethylene) and
sizes (0.2 um and 0.45 um) were used in the filtration of Au NAs
in PBS, milk, and 0.1% milk. The total 400 pL volume of the st-
Au NP solution was filtered through each syringe filter.

Detection procedure

The SL-based assay, developed in a previous study, was per-
formed using the portable kit. As shown in Fig. 2C and D, SL-
based assays were performed in a total reaction volume of 400
uL containing 200 pL of st-Au NP solution at a fixed concen-
tration, 100 pL of biotinylated polyclonal Salmonella antibody
(b-Ab) as the SL, and 100 pL of a test sample (PBS at pH 7.4).
First, 100 pL of b-Ab was prepared in a closed reaction chamber
of the 3-VC and 200 pL of st-Au NPs was prepared in the closed
pipe of the 3-VC. One hundred microliter of the test sample was
injected into one pipe of the 3-VC using the syringe, and then
this 3-VC mixture was turned and shaken several times. After an
adequate reaction time, we opened the valve to allow the
mixture to react with the st-Au NPs. After a sufficient reaction
time, we filtered the Au NAs through the syringe filter (0.45 pm,
PVDF) to obtain a visible detection signal.

Prior to performing the SL-based assays for the detection of
Salmonella Typhimurium, we had to determine the range of the
SL (b-Ab) concentration exhibiting visible colour change
(REVC). An assay was performed in PBS at various b-Ab
concentrations (10-45 ug mL ™). Based on the REVC results,
we selected the concentrations of 13 to 15 ug mL™' to be the
most effective in clearly showing the colour change at the low
end of REVC.

Optimization of secondary reaction time for filtration

To filter out the Au NAs, the change in the sizes of the Au NAs over
time was measured using a UV-Vis spectrometer and a Zetasizer,
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respectively. As SLs, 10 and 13 ug mL ™" of biotinylated Salmonella
polyclonal antibodies were used as control and aggregates
samples, respectively. We added 200 pL of st-Au NP to each test
samples and tracked the sizes every 2 min using a Zetasizer.

Statistical analysis

The data represent the average of at least three independent
experiments or measurements.

Results and discussion
Optimization of 3-way valve chamber (3-VC)

To apply the 3-VC to the SL-based assay, it was necessary to
optimize the material, the pore and bore sizes of the tubes, the
maximum volume, and the loss volume (Table 2). To minimize
friction with the solution, among the 3-VC materials considered
were polyvinylidiene fluoride (PVDF), polypropylene/
polyethylene (PP/PE), and polyvinyl chloride. Ultimately, PVDF
was selected due to its low loss volume with the system solution
for every pore size. To select the final volume of the 3-way valve,
using inner and outer diameters of 4 mm, 6 mm, and 8 mm and
6 mm, 8 mm, and 10 mm, respectively, we considered the
compatibility of the syringes and syringe filters and their
application to the assay. As they were found to be applicable to
the assay under all volume conditions, we selected a valve with
a 4 mm inner diameter and 6 mm outer diameter that was
compatible with the syringe and syringe filter. Finally, a 3-way
valve consisting of PVDF material with an inner diameter of
4 mm and an outer diameter of 6 mm was finally determined to
be most suitable as a portable device for field application of the
SL-based assay.

The SL-based immunosensing mechanism by 3-VC

Fig. 2 shows the proposed SL-based immunosensing mecha-
nism for the on-site detection of Salmonella Typhimurium using
the developed kit. The SL-based assay can induce the aggrega-
tion of st-Au NP with b-Ab and detect the target bacteria in a real
matrix. As shown in Fig. 2A and B, we designed the SL

Table 1 Comparison of materials, pore sizes, and filtering abilities of the syringe filters

Types Pore size (um) Filtering (PBS) Filtering (milk) Filtering (0.1% milk)
Mixed cellulose ester (MCE) 0.2 Possible — —
Mixed cellulose ester (MCE) 0.45 Possible Less Less
Polyethersulfone (PES) 0.2 Possible — —
Polyethersulfone (PES) 0.45 Possible Less Less
Cellulose acetate (CA) 0.45 Possible Less Less
Polyvinylidene fluoride (PVDF, hydrophilic) 0.2 Possible — Less
Polyvinylidene fluoride (PVDF, hydrophilic) 0.45 Possible Possible Possible
Polyvinylidene fluoride (PVDF-D, hydrophobic) 0.2 Possible — Less
Polyamide (NYLON) 0.2 Possible — Less
Polyamide (NYLON) 0.45 Possible Less Possible
Polytetrafluoethylene (PTFE-D) 0.2 Possible — —
Polytetrafluoethylene (PTFE-D) 0.45 Possible Less Possible
Polytetrafluoethylene (PTFE-H) 0.2 Possible Less Possible
Polytetrafluoethylene (PTFE-H) 0.45 Possible — Less

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Schematic of detection principles and procedure. (A) Biotinylated Salmonella antibody (b-Ab) can bridge to st-Au NP (by the biotin—
streptavidin interaction) and target Salmonella (via the antibody—antigen interaction). (B) The SL-based assay is performed in two sequential
steps: the first reaction serves as a target recognition step, in which SL reacts with the target bacteria. The second reaction serves as a signal
indication step, in which SL reacts with st-Au NPs. (C) The configuration of the 3-VC comprising the reaction chamber with SLs and the storage
chamber with st-Au NPs. (D) The procedure of the SL-based assay in the 3-VC.

(biotinylated antibody) to have two reactions: target recognition
(the antibody-antigen immune response) and signal recogni-
tion (biotin-streptavidin binding response). Generally, the SL-
based assay is performed in two sequential steps. First, the
target and the SL undergo a sufficient reaction. Thereafter,
depending on the presence or absence of the target, the quan-
titatively readjusted SLs react with st-Au NPs. When the SLs are
bound to their targets, their ability to cross-link with st-Au NP is
limited. We refer to this state as the linker being switched-off.
Therefore, since the SL is switched off by the target, the
degree of aggregation of the st-Au NPs is changed, so the SL-
based assay can exhibit a visible colour-fading signal depend-
ing on the presence or absence of the target.

In this study, a 3-VC was introduced in the proposed kit. As
shown in Fig. 2C, the 3-VC consists of a storage chamber and
areaction chamber. The storage chamber contains 200 pL of st-
Au NPs solution and the reaction chamber contains 100 pL of

biotinylated Salmonella antibody (b-Ab) solution. The amount
of SL required to induce aggregation of st-Au NPs depends on
the ‘concentration’ of the target in the system. There is also
a range of SL concentrations for a given concentration of the
target and st-Au NPs that leads to large-scale aggregation and
avisible colour change by precipitation of the aggregates, which
is known as the REVC. Therefore, the SL can be distinguished as
having two regions, ie., the REVC and the region with no
aggregation of st-Au NPs and no colour change (more specifi-
cally, the SL concentration range can actually be divided into
three parts, which are not explained here). The SL-based assay
can identify the target organism based on the REVC shift in
response to the ‘switching-off’ of the SL by the target.

System stability of pH and salt conditions

Various and complex components in food are likely to interfere
with the detection system. In particular, various pH and high

Table 2 Comparison of the materials, pore size, total volume, loss volume, and REVC signal of a 3-VC for SL-based assay

Materials Diameter (pore, mm) Diameter (bore, mm) Max volume (pL) Loss volume (puL) REVC signal
PP/PE 6 4 500 <120 Work
8 6 1200 <220 Work
10 8 4000 <380 Work
PVDF 6 4 500 <100 Work
8 6 1200 <190 Work
10 8 4000 <290 Work

31246 | RSC Adv, 2020, 10, 31243-31250
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salt concentrations in foods are one of the main causes of
biosensor inhibition. In particular, the main factor of Au NP
aggregation in this detection system is biotin-streptavidin
binding force. In areas where this system will be used, there is
no way to remove salt and adjust the pH of the system, so these
harsh conditions have to be checked. Streptavidin is a protein as
known for its high thermal and mechanical stability. Therefore,
stability testing of this system was conducted with emphasis on
salt and pH resistance. As shown in Fig. 3, the system confirmed
the REVC shift of the control under all pH and salt conditions.
As a result, the system was stable under all conditions used in
the experiment.

The stabilization study of this system was conducted over
awide range of linker concentrations, which can be divided into
three regions associated by the size of the aggregates. The size
of aggregates was determined by a quantitative correlation
between the Au NP and the linker. In the two regions of the
linker concentrations of 10 to 15 ug mL™" and 40 pg mL ™" as
shown in Fig. 3, the size of the aggregates of the Au NPs was
small so that precipitation did not completely occur. In the case
of the linker concentration of 20 pg mL™}, the size of Au NAs
was large enough to precipitate completely. This was explained
in previous system studies.

There are various components including sugars, proteins,
and lipids in real food matrices, and the operation of the system
may be inhibited by those things. However, since this system
sets a control sample without a target, even if the real food
matrix affects the system operation, the REVC in control sample
could be reset. Therefore, it can be effectively detected of
pathogens if the REVC could be shifted by only a target. In
addition, in previous studies, we reported that the SL-based
assay could work in serum as well as in various food matrices
such as tomato and milk.**?” Therefore, we dealed with the
minimum environmental factors (salt and pH) in this study.

Determination of reaction time (primary reaction time) for
targets to crosslink with switchable linkers

The SL used in this study was designed based on an antibody
with biotins, and unlike the ELISA, a specific SL concentration

10 15| 20 | 40

Wz,y Concentration of b Ab (ug/mL)

&M Concentration ofb Ab (ug/ml)

pH
n
NaCL

Fig. 3 REVC shift of the control using 3-way valve chamber and
syringe filter at various system conditions: (A) pH 2.5, 3, 4, 5, 6, 8, 9, 10,
(B) 1, 10, 100 mM, and 1 M of NaCL.
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is used in the SL-based assay without any washing step.
Therefore, it is necessary to confirm the activity of the SL
reacting with the target. In doing so, we tried to optimize the
first reaction time of this assay, i.e., the reaction between the SL
and the target in the 3-VC. As shown in Fig. 4, 10 pg mL™" of
target Salmonella Typhimurium reacted with 10 pg mL™"* to 40
pg mL ™" of b-Ab as SLs for 0 min, 15 min, 30 min, and 60 min,
and then the st-Au NPs were treated to observe the change in the
REVC. After 30 min, an REVC shift was observed at a linker
concentration of 13 pg mL .

Determination of reaction time (secondary reaction time) for
producing the REVC signal using filter

Switchable linkers can play the roles of both crosslinking the Au
NPs and binding the target bacteria, both of which are mutually
limited.

In other words, in the sequential steps of the SL-based assay,
when the SL is combined with the target bacteria, it is switched
off and plays no role in inducing aggregation of gold nano-
particles. The SL that is not bound to the target induces large-
scale aggregation of gold nanoparticles, which can eventually
produce a visual signal whose colour fades as it slowly precip-
itates out over time (up to 2 h without shaking). The second step
of this assay, which determines the REVC, consists of an
aggregation reaction of the combination of streptavidin and
biotin and a precipitation reaction based on the size of the Au
NAs, the latter being the rate-determining step. Therefore, in
this study, a filter was applied to the SL-based assay to filter out
Au NAs of a certain size to minimize the time required for
precipitation and thereby obtain visual signals more quickly.

To filter out Au NAs, it was necessary to track the size of the
aggregates. As shown in Fig. 5A and B, Au NA was filtered out for

Concentration of b-Ab (ng/mL)

g Negative control ﬁ, ,‘;;
g = ]
= e
< 0
k5]
s
2
= 15
e
g
= 30
60

Fig. 4 Photograph showing the effect of reaction time 1 with the
negative control and Salmonella Typhimurium. Shift in REVC with
increasing reaction times between b-Ab and the presence of 10° CFU
mL~! of Salmonella Typhimurium for 120 min after adding 100 pL of
st-Au NPs (absorption: 0.4 @ 530 £+ 0.5 nm) in a 400-pL total test
system volume using the 3-VC to determine the optimal time of 1%
reaction. After 30 min, the REVC shifts at a linker concentration of 13
pg mL~L
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15 min at an SL concentration of 10 pg mL ™" in cases in which
no large aggregation was formed and 13 ug mL™" in cases in
which large aggregations were formed. The time to visually
recognize that the colour had faded was about 4 min, and after
6 min the solution became clear enough to notice the difference
in colour completely. As a result of tracking the size of Au NA for
15 min in 2 min increments by a Zetasizer, it took 7 min for the
size of Au NA to grow as large as the size of the filter pore (0.45
pm, the red dash line in Fig. 5C). Taken together, we finally
determined that the enough time required for filtration was
7 min. Switchable linkers can crosslink Au NPs to form Au NAs.
In the case of the previous SL-based assay, the colour change
time can be determined by the sum of the time for forming the
aggregate and the time for precipitation, in which the latter
takes longer than the former. Therefore, in this study, as a result
of introducing the filtration process with the aim of reducing
the reaction time of the precipitation and aggregates formation
time, the total detection time was greatly reduced by reducing
the second step from 2 h to 7 min. This result is expected to
introduce a simple syringe filter as part of the kit so that the SL-
based assay can detect food-borne pathogens rapidly in the
field.

Evaluation experiments

To evaluate the performance of the developed device, we used it
to detect Salmonella Typhimurium on the basis of the optimized

parameters at various target concentrations. Salmonella

(A)

B-Ab (10 pg/mL)

Smin 10 min 1Smin 3 min 4 min Smin 6 min 7 min

(B)

©
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104 g g g
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Fig. 6 Evaluation of the SL-based immunoassay to the detection of S.
Typhimurium using the developed device. The REVC shift at low end
after performing the SL-based assay for on-site detection of S.
Typhimurium (0, <10, 10%, 102 10%, 10® CFU mL™?).

Typhimurium, which confirmed the selectivity of SL-based
assay in the previous study, was used as a representative
strain.*® As shown in Fig. 6, the REVC shift occurred at a linker
concentration of 15 pg mL™?, as compared to the control in the
tested Salmonella Typhimurium samples (10%, 10*, and 10° CFU/
400 pL). The REVC shift occurred at a linker concentration of 15
pg mL ™", as compared to the control in all the tested Salmonella
Typhimurium samples. In addition, to identify an LOD,
Salmonella Typhimurium with low level of the concentrations
(0, <10, 10" CFU/400 pL) were tested. The assay was evaluated by

B-Ab (13 pg/mL)

8 min

9min 10min 11 min 12 min 13 min 14 min 15 min

1200

1000

800 -

600

Size of AuNAs (nm)

200 o

® 10 pug/mL of b-Ab
® 13 g/mL of b-Ab

Time of 2™ reaction (min)

Fig. 5 Finding the optimal time of 2" reaction to filter the aggregates of st-Au NPs. The appearances of 2" reaction for 15 min at (A) 5 min
increments in 10 pg mL™* of b-Ab (no large-scale aggregation) and (B) 1 min increments in 13 pg mL™* of b-Ab (large-scale aggregation). The

tracking results of size change of Au NAs over 15 min by (C) a Zetasizer.
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the naked eye after filtering of Au NAs. As a result, the clear
colour change (REVC) in 15 ug mL ™" of b-Ab was seen down to
10" CFU/400 pL of Salmonella Typhimurium. Therefore, the
LOD of the BL-based assay using 3-VC was determined to be 10"
CFU/400 pL.

Since the conventional SL-based assay is based on the
precipitation of Au NAs, up to two hours is required to confirm
the results. However, in the proposed device, a filter was
introduced so that when the Au NAs grow to a certain size that
can be filtered, the whole detection time can be reduced by
shortening the time required for settling. By applying the filter,
the detection result can be quickly confirmed, but we found
there to be a volume difference in the filtered system depending
on the pressure applied to the filter. In addition, depending on
the aggregation mechanism between the target and the gold
nanoparticles for each linker concentration, there was a differ-
ence in the colour concentration because of the size of the
aggregates and the number of gold nanoparticles that did not
participate in the reaction. Therefore, when using the proposed
apparatus, when selecting a specific linker density, it is neces-
sary to select a section in which the difference in colour density
is apparent and the REVC shift is reliably evident. By choosing
linker concentrations of 10 ug mL ™" and 15 pg mL ™", Salmonella
Typhimurium could be detected down to 10" CFU/400 uL.

This study has suggested two factors to make the SL-based
assay more suitable for on-site application. First, a prototype
kit that can be easily applied to this assay beyond the laboratory
level was proposed. Since the existing method uses reagents,
such as buffers, and instruments, such as pipettes, it has
application limitations in the field. Second, in order to reduce
the detection time, we applied a filter to control the time
required for the Au NAs to precipitate. In the existing assay,
a shaking method was used to control the time required for
precipitation, which required a device such as a vortex, or
limiting its use in the field. Therefore, introduction of a 3-way
valve-based kit and filter is considered to have upgraded the
steps to make the SL-based assay practical.

Conclusions, future directions

Although reliable detection methods for pathogens have been
developed for use in the medical, food, and environmental
fields, there are many problems to overcome before they can be
used in mobile field applications, including the need for
miniaturization, rapid diagnosis, and low cost. In this study, we
developed a prototype device for making primary diagnoses
using the SL-based assay with a 3-VC and a syringe filter for the
detection of Salmonella Typhimurium. The use of this assay will
be very advantageous in situations where the target bacteria
must be identified quickly in the field using a simple experi-
mental procedure and a miniaturized device. It is necessary to
solve problems, such as automation of each step's reaction for
increasing user convenience using a mechanical and electrical
instrument, massification of a wide linker concentration for
quantitative detection, and stability of the system through the
development of new linker such as an aptamer, in order for this
strategy to be used at industrial sites. When these problems are

This journal is © The Royal Society of Chemistry 2020
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associated with a device and system, they can be solved, and it is
expected that targets, such as biological hazards in real food
samples can be detected very quickly and easily.
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