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A novel method was developed for the detection of Salmonella bacteria using gold-coated magnetic

nanoparticle clusters (Au/MNCs) and lateral flow filters. Unlike a conventional lateral flow immunoassay

(LFA) membrane, where antibodies are immobilized on test and control lines to observe a signal, the test

line in the new method is formed simply by pressing a nitrocellulose membrane to decrease its

thickness. Half-antibody fragment-functionalized Au/MNCs were used to capture Salmonella in milk and

then dispersed in a small volume of buffer solution in which one end of the lateral flow filter was

immersed. The free Au/MNCs rose to the pressed test line, while the Salmonella–Au/MNC complexes

remained in the solution because they were too large to pass through the pores inside the lateral flow

filter. The flow of free Au/MNCs was blocked at the test line because of the reduced pore size, and their

accumulation caused the test line to darken. The color of the test line was inversely proportional to the

Salmonella concentration, and the limit of detection for Salmonella in milk was determined to be 103

CFU mL�1 after image processing. A control test using Escherichia coli, Staphylococcus aureus, and

Vibrio parahaemolyticus revealed that the new lateral flow filtration method with Au/MNCs is highly

selective for the detection of Salmonella.
1. Introduction

Lateral ow immunoassay (LFA), also known as immunochro-
matographic assay, is the most common commercially available
point-of-care (POC) diagnostic tool because it is low-cost,
disposable, and requires no specialized equipment, and it is
used in various applications, such as in the detection of
proteins,1,2 antibiotics,3 metal ions,4,5 and toxins.6–9 A typical
LFA uses specic biological components such as antibodies and
DNAs to observe a signal at test and control lines on a nitro-
cellulose (NC) membrane. A sample solution containing target
molecules ows through the NC membrane, and the binding of
target molecule–gold nanoparticle complexes to the antibodies
at the test and control lines induces a change in color that can
be observed by the naked eye.

Although the working principle of LFA is simple, it cannot be
applied in a straightforward manner for the detection of food-
borne bacteria in real samples because the concentration of
bacteria rinsed off of food samples is very low compared to the
concentration of food debris. This problem may be circum-
vented by using magnetic nanoparticles (MNPs), which allow
ng University of Science and Technology
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the capture, separation, and concentration of target bacteria
from a large volume of sample solution into a small volume of
solution.10–13 The concentration of the bacteria can be deter-
mined by conventional LFA to observe the binding of the MNP–
bacteria complexes to the antibodies on the test and control
lines. However, the immobilization of antibody increases the
cost of LFA and limits its shelf life because of the gradual loss of
activity.

We solved this problem by using an LFA membrane as
a lateral ow lter based on the large size difference between
the free MNPs (<200 nm) and the MNP–bacteria complexes (>1
mm). The pores of the lateral ow lter were larger than those of
the free MNPs but smaller than those of the MNP–bacteria
complexes; thus, only free MNPs could pass through the
membrane. If the pore size at the test line was decreased to be
smaller than that of the free MNPs, the ow of free MNPs would
be blocked at the test line and the color change at the test line
due to the accumulation of free MNPs could be detected by the
naked eye. Compared to conventional ltration, the lateral ow
lter does not require suction equipment and produces clear
signals by concentrating the target particles at the narrow test
line.

In this study, we used half-antibody fragment-functionalized
gold-coated magnetic nanoparticle clusters (Au/MNCs) to
capture Salmonella bacteria in milk and determined the
concentration using a lateral ow lter with a reduced pore size
at the test line. The pore size was simply reduced by pressing an
RSC Adv., 2016, 6, 48445–48448 | 48445
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Fig. 1 (a) Details of the lateral flow filter containing the pressed test
line. (b) Optical image of the 3D-printed line presser. (c) Top-view and
(d) side-view SEM images of the lateral flow filter containing the
pressed test line. Magnified SEM images of the lateral flow filter (e)
before and (f) after stamping.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 5
:1

1:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
NC membrane to decrease its thickness. The color intensity at
the test line was inversely proportional to the Salmonella
concentration, and the limit of detection for Salmonella in milk
was determined to be 103 CFU mL�1 by the naked eye.

2. Experimental
2.1 Materials

Iron(III) chloride hexahydrate (FeCl3$6H2O), sodium citrate
tribasic dihydrate, urea, polyacrylamide, gold(III) chloride tri-
hydrate (HAuCl4$3H2O), sodium borohydride (NaBH4), (3-ami-
nopropyl)triethoxysilane (APTES), hydroxylamine hydrochloride
(NH2OH$HCl), potassium phosphate monobasic (KH2PO4),
potassium phosphate dibasic (K2HPO4), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), bovine serum albumin
(BSA), and Tween 20 were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used as received. Polyclonal Salmonella
antibody (ab35156) was purchased from Abcam (Cambridge,
UK). Amicon ultra-0.5 centrifugal lters (UFC501096), NC
membranes (card HF075MC100), and absorbent pads
(SA3J645H9) were purchased from Millipore (Billerica, MA,
USA). Permanent magnets were purchased from Seoul Magnet
(Seoul, Korea). Deionized (DI) water (18.3 MU cm) was obtained
using a reverse osmosis water system (Human Science, Korea)
and used to prepare phosphate buffer (PB).

2.2 Synthesis of gold-coated Fe3O4 magnetic nanoparticle
clusters (Au/MNCs)

Fe3O4 MNCs were synthesized using a hydrothermal method.14

Briey, 1.08 g of iron(III) chloride hexahydrate, 2.35 g of sodium
citrate tribasic dihydrate, and 0.72 g of urea were dissolved in 80
mL of DI water; 0.4 g of polyacrylamide was then added into the
solution. The solution was stirred for 1 h at room temperature
(RT), transferred to a Teon-lined autoclave, heated for 10 h at
200 �C, removed from the autoclave, and allowed to cool naturally
to RT. The precipitate was washed several times with DI water. To
synthesize Au/MNCs, 8 mg of MNCs dispersed in ethanol was
added to 40 mL of 1% APTES to produce amine groups on the
surfaces of the MNCs. Gold nanoparticles (Au NPs) were synthe-
sized as seeds;15 briey, 2 mL of 1 wt% sodium citrate tribasic
dihydrate and 1 mL of 1 wt% HAuCl4$3H2O were dissolved in 80
mL of DI water, and 1 mL of 0.075 wt% sodium borohydride was
then added to the solution. The reaction was allowed to continue
for 5 min under vigorous stirring. Finally, the solution was stored
at 4 �C until the next step. The synthesized Au NPs were added to
the APTES-coated MNCs. The reaction was allowed to proceed for
5 h under shaking. The particles were washed several times with
DI water. To increase the Au size, 100 mL of 1 wt% HAuCl4$3H2O
and 100 mL of 160 mM hydroxylamine hydrochloride were added
to the Au-coated MNCs and the reduction reaction was allowed to
continue for 40 min under shaking.

2.3 Preparation of antibody-functionalized Au/MNCs

To immobilize Salmonella antibody with the desired orienta-
tions on Au/MNCs, half-antibody fragments were obtained by
adding 10 mL of 5 mM TCEP to 400 mL of PB containing 40 mg of
48446 | RSC Adv., 2016, 6, 48445–48448
Salmonella antibody.16 The reaction was allowed to proceed for 1
h at RT, and the half-antibody fragments were then puried ve
times with PB using an Amicon ultra-0.5 centrifugal lter. The
as-prepared half-antibody fragments were immediately added
to 2 mL of 0.5 mg mL�1 Au/MNCs to immobilize the antibodies
on the Au nanoparticles via Au–S bonds. The solution was
incubated for 1 h at RT under gentle shaking, and 100 mL of 1%
BSA was then added to the solution to prevent nonspecic
binding. Finally, the particles were washed with PB.
2.4 Preparation of lateral ow lters

Fig. 1a shows the structure of a lateral ow lter. Each lter was
prepared by overlapping an absorbent pad on an NC membrane.
As it was important to form the pressed test line with a constant
width and depth to obtain reproducible results, the test line was
formed by pressing the NC membrane using a 3D-printed line
presser with a protruded line structure that was 1 mm high and
0.8 mm wide (Fig. 1b). Fig. 1c and d show the scanning electron
microscopy (SEM) images of the membrane aer stamping. The
width of the pressed line on the NC membrane was �0.8 mm,
corresponding to the width of the line presser. The magnied
SEM images in Fig. 1e and f show that the pressed membrane
had substantially smaller pores than the initial membrane. The
pores with reduced sizes at the test line blocked the ow of free
Au/MNCs and produced changes in color.
2.5 Detection of Salmonella using a lateral ow lter with
a pressed test line

Fig. 2 illustrates the detection of Salmonella using a lateral ow
lter with a pressed test line and antibody-functionalized Au/
MNCs. Salmonella antibody-functionalized Au/MNCs (50 mL,
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Schematic of the detection of Salmonella using a lateral flow
filter with a pressed test line.

Fig. 3 SEM images of (a) MNCs and (b) Au/MNCs. (c) UV-vis absorption
spectrum of 0.1 mgmL�1 MNCs (black) and Au/MNCs (red) in DI water.
(d) TEM image of Salmonella–Au/MNC complexes.
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0.2 mg mL�1) were added to 15 mL of milk spiked with
Salmonella typhimurium at 0 to 106 CFUmL�1. The samples were
incubated for 3 h at RT under gentle shaking. Aer incubation,
the samples containing Salmonella–Au/MNC complexes and
free antibody-functionalized Au/MNCs were isolated magneti-
cally, washed three times with PB, and then re-suspended in 150
mL of 0.1% Tween 20. The concentrated samples were placed in
a 96-well plate, and one end of the lateral ow lter was
immersed in the sample solution for 3 min. Images of the
lateral ow lter were recorded using a digital camera and
analyzed using ImageJ soware (National Institutes of Health,
USA).
Fig. 4 (a) Optical images of the lateral flow filters with pressed test
lines for samples spiked with Salmonella at 0 (black), 101 (red), 102

(blue), 103 (olive), 104 (magenta), 105 (dark yellow), and 106 (navy) CFU
mL�1. (b) Changes in gray-scale values measured along the flow
direction of the lateral flow filters using ImageJ. (c) Maximum gray-
scale values as a function of Salmonella concentration. The error bars
indicate the standard deviations of the gray-scale values obtained from
four measurements.
3. Results and discussion

Fig. 3a and b show the SEM images of MNCs and Au/MNCs,
respectively. The mean diameters of the MNCs and Au/MNCs
were 160 and 180 nm, respectively, and both had narrow size
distributions. The bright spots on the Au/MNCs correspond to Au
nanoparticles, which have an average size of �14 nm. The
absorption spectrum of the MNCs is shown in Fig. 3c. The
absorption of the MNCs decreased monotonically with
increasing wavelength. In contrast, the spectrum of the Au/MNCs
(Fig. 3c) showed a peak at 534 nm, which is a signature of Au.17–19

This result indicates that the Au/MNCs were well coated with Au
nanoparticles. The thiol chemistry allows the immobilization of
half-antibody fragments on the Au nanoparticles in Au/MNCs in
one step;20 this simplied procedure for antibody functionaliza-
tion assures the appropriate orientation of the antibodies for
efficient binding to target molecules. Fig. 3d shows a trans-
mission electron microscopy (TEM) image of two Salmonella
bacteria that are conjugated with tens of Au/MNCs. Note that the
size of a Salmonella–Au/MNC complex was much larger than that
of the free Au/MNCs, which allows us to separate free Au/MNCs
from the complexes using lateral ow lters.
This journal is © The Royal Society of Chemistry 2016
A series of experiments were conducted using various
concentrations of Salmonella in milk ranging from 0 to 106 CFU
mL�1. Aer the incubation of antibody-functionalized Au/
MNCs in 15 mL of Salmonella-spiked milk, the samples con-
taining Salmonella–Au/MNC complexes and free Au/MNCs were
concentrated into 150 mL of 0.1% Tween 20. Upon the immer-
sion of one end of the lateral ow lter into the sample solution,
only free Au/MNCs moved up to the test line, and dark lines
appeared due to the complex pore structure of the NC
membrane relative to the large Salmonella–Au/MNC complexes.
Fig. 4a shows the optical images of the lateral ow lters aer 3
min of immersion; the color of the test line became paler as the
Salmonella concentration increased because the number of free
Au/MNCs decreased with increasing Salmonella concentration.
RSC Adv., 2016, 6, 48445–48448 | 48447
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Fig. 5 Optical images of the lateral flow filters with pressed test lines
tested for Salmonella typhimurium, Escherichia coli, Staphylococcus
aureus, and Vibrio parahaemolyticus. The concentrations of these
bacteria were 105 CFU mL�1 in milk.
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For quantitative analysis, ImageJ was used to convert the color
at the pressed test line to a gray-scale value;21 this value
decreased as Salmonella concentration increased (Fig. 4b and c).
The detection limit of this method was 103 CFU mL�1 of
Salmonella in milk aer 3 min of immersion.

A control experiment was conducted to examine the selec-
tivity of this method. Au/MNCs functionalized with Salmonella
antibody were incubated with 15 mL of milk spiked with 105

CFU mL�1 Salmonella typhimurium, Escherichia coli, Staphylo-
coccus aureus, and Vibrio parahaemolyticus. The samples were
concentrated into 150 mL of 0.1% Tween 20 and dispensed in
the wells of a 96-well plate. The lateral ow lters dipped into
the Salmonella-spiked sample did not darken at the pressed test
line, whereas those treated with E. coli, S. aureus, and V. para-
haemolyticus did (Fig. 5). This color change was caused by Au/
MNCs functionalized with Salmonella antibody, which could
not be conjugated with the non-target bacteria, demonstrating
the high selectivity of this detection method.

4. Conclusions

We developed a novel method that uses antibody-functionalized
Au/MNCs and lateral ow lters to detect Salmonella in milk.
The lateral ow membrane, with pore sizes larger than free Au/
MNCs but smaller than Au/MNC–bacteria complexes, allowed
only free Au/MNCs to pass through the membrane because the
sizes of Au/MNC–bacteria complexes were much greater than
those of the free Au/MNCs. The ow of free Au/MNCs was
blocked at the test line, which had smaller pores, and the
accumulation of free Au/MNCs made the test line darken. The
color of the test line was inversely proportional to the Salmo-
nella concentration, and the limit of detection for Salmonella in
milk was determined to be 103 CFU mL�1 by the naked eye.
Because of its many advantages over conventional LFA and
paper ltration, the developedmethod shows great potential for
screening bacteria in drinking water and food samples.
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