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Abstract Salmonella is among the very important patho-

gens threating the human and animal health. Rapid and

easy detection of these pathogens is crucial. In this context,

antibody (Ab) based lateral flow assays (LFAs) which are

simple immunochromatographic point of care test kits were

developed by gold nanoparticles (GNPs) as labelling agent

for Salmonella detection. For that purpose some critical

parameters such as reagent concentrations on the capture

zones, conjugate concentrations and ideal membrane type

needed for LFAs for whole cell detection were tested for

naked eye analysis. Therefore, prepared LFAs were applied

to the live and heat inactivated cells when they were used

alone or included in different bacterial mixtures. Among

the test platforms, membrane 180 (M180) was found as an

ideal membrane and 36 nm GNPs showed highly good

labelling in the developed LFAs. Diluted conjugates and

low concentrations of reagents affected the test signal

negatively. Salmonella was detected in different bacterial

mixtures, selectively in 4–5 min. The best recognized

species by used Ab were S. enteritidis and S. infantis.

5 9 105 S. typhimurium cells were also determined as a

limit of detection of this study with mentioned parameters.

Keywords Lateral flow assay � Salmonella � Gold
nanoparticles � Whole cell detection

Introduction

Food safety is the most important issue for the public

health throughout the world and food quality is affected by

foodborne pathogens that cause serious human and animal

disease (Alves et al. 2015). Infection of humans by those

pathogens occur through air, drinking water and food

(Dwivedi and Jaykus 2011). Salmonella are widely dis-

tributed group of gram negative bacteria in nature and has

about 2300 serotypes. The primary reservoirs of Sal-

monella are animals and humans. It invades the intestinal

tract of hosts and causes salmonellosis leading to death.

1.4 million cases of infection are reported by Salmonella

annually (Olsen et al. 2001; Voetsch et al. 2004) and

almost half of the gastrointestinal infections in the US

every year are accounted for Salmonella contamination in

food. Among the subspecies of Salmonella enterica; S.

typhi S. typhimurium, S. enteritidis, S. pullorum, S. galli-

narum and S. dublin are the major agents for human and

animal diseases. According to a report compiled by the

European Centre for Disease Prevention and Control

(ECDC) and the European Food Safety Authority (ESFA)

in 2016 Salmonella infections in Europe has small increase

and S. enteritidis was the most common species accounted

for all salmonellosis cases (Cogan and Humphrey 2003;

ECDC 2016). Additionally, S. typhimurium and S. enteri-

tidis are also the common causes of issues in Turkey (Oral

et al. 1995; Goncagül et al. 2005).

To ensure the public health, early detection of pathogens

is crucial. Therefore, many kinds of identification methods

or microbiological tests are in use and new detection
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cam.dilek@gmail.com

1 Department of Biological Sciences, Middle East Technical

University, 06800 Ankara, Turkey
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platforms are also being tried to develop for improving the

sensitivity and selectivity of detection. Selective enrich-

ment and culture is the traditional lab method for diagnosis

of Salmonella (Stone et al. 1995) before doing biochemical

and serological confirmation tests. However, these steps

require 5 or 7 days which is inconvenient for food sector or

industrial applications. Molecular methods (D’Souza et al.

2009), immunological based methods (Wen et al. 2013),

nano-biosensors (Zuo et al. 2013; Kim et al. 2015) are also

available in the literature for Salmonella detection. How-

ever, many of these techniques require skilled personnel,

sterile working conditions and expensive instruments to

perform sensitive and specific microbial analysis and they

can result in cross contamination and target losses. Besides,

most of these systems can not be used in field practically

(Sapparapu 2003) as they are not portable, and their

application to the bacterial detection in the environmental

samples or food is limited.

LFAs developed by Ab, aptamer and nucleic acids

(Laderman et al. 2008; He et al. 2011; Ang et al. 2012)

have been a popular platform for rapid immunoassays since

their introduction in the mid-1980s. They are simple

diagnostic test kits commonly based on a nitrocellulose

(NC) membrane matrix and might be expressed as point of

care tests. LFAs have also achieved broad penetration in a

variety of markets. Compared with other analysis methods,

the immunochromatography strip tests have many advan-

tages. They are established mature technology, relative

ease of manufacture, processes already developed, easily

scalable to high volume production, stable shelf-lives

without refrigeration, handling small volumes of multiple

sample types, having high specificity, good stability, rela-

tively low cost, and minimal education required for users

and regulators (O’Farrell 2009).

Ab based immunochromatographic test strips are com-

monly in use since Abs can be directly immobilized onto

GNPs (Shen et al. 2007) and then they are applied to the

strip assays. LFAs based on GNPs/Ab conjugates have

become useful innovation in nanotechnology as colloidal

gold is the most widely used label today in commercial

LFAs for many reasons (Chandler et al. 2000). GNPs based

bioconjugates have controllable morphology, biocompati-

bility, high stability, ease of characterization, shortened

analysis time and no development process is needed for

visualization (Rosi et al. 2006; Sperling et al. 2008).

Although various LFAs were reported for Salmonella, they

have time consuming process such as nucleic acid isolation

of Salmonella instead of cell surface recognition, further

experimental steps, advanced instruments and also use the

different sized GNPs (Du et al. 2017; Liu et al. 2017; Zhao

et al. 2017; Shin et al. 2018) for lower detection limit.

Besides, strip assays are generally tested for bacteria when

they used singly (Preechakasedkit et al. 2012), and test

parameters for Salmonella were not reported in detailed.

Reproducibility of assay with its optimal parameters and its

applicability to the live or killed target organisms when

they are alone or included in bacterial mixtures are also

crucial issues. Thus, here the study aimed to report ideal

parameters needed for developing of GNP-based LFAs for

Salmonella as a rapid and sensitive test strips for naked eye

analysis when it is alone or present with multiple number

of bacteria using Salmonella specific Ab.

Materials and methods

Chemicals and reagents

Ab specific to Salmonella and immunoglobulin G (IgG)

were obtained from KPL (Turkey). The sample and

absorbent pads, conjugate pads and NC membranes (M240,

M180, M120, M075) were supplied from Millipore

(Burlington, MA, USA). HAuCl4�xH2O was purchased

from Sigma (St. Louis, MO, USA). Luria broth (LB)

medium was used for bacterial culture. S. typhimurium, S.

enteritidis, S. infantis, B. cereus were from NanoBiz R&D

lab; dry soil bacterial culture was prepared from Middle

East Technical University (METU) campus; S. enteritidis

(1, 2, 3) and S. infantis (1, 2, 3, 4, 5, 6, 7) isolates were

given by Ankara University Faculty of Veterinary Medi-

cine and heat treated positive control cells (E. coli, V.

chloreae, S. typhimurium) were from KPL. A Nanodrop

2000 UV–Vis spectrophotometer (Thermo Scientific;

Waltham, MA, USA) was used for obtaining the spectra

from GNPs and conjugates. Transmission electron micro-

scopy (TEM; 2100 F 200 kV TEM, JEOL, Peabody, MA,

USA) was used to determine the size and shape of syn-

thesized GNPs. A multiscan plate reader (Thermo Scien-

tific) was used to obtain spectra from gold conjugates.

Synthesis of gold nanoparticles (GNPs)

GNPs were synthesized according to the citrate reduction

method (Kimling et al. 2006) by making slight changes and

conjugated with Salmonella Ab. The pH value of colloidal

gold suspension was adjusted with K2CO3 and HCl. The

evaluation of the size measurement of synthesized GNPs

was performed by TEM, Malvern Zeta Potential instrument

and UV–Vis spectroscopy. Zeta potentials of both naked

and conjugated GNPs were also analyzed by Malvern Zeta

Potential. Briefly, 500 mL of 0.01% HAuCl4�xH2O was

boiled and 1% sodium tricitrate was added into the solu-

tion. After changing the color of solution from black to

reddish in a 2 min, it was allowed to further boiling for

about 10 min to complete the reduction before filter ster-

ilization. After cooling, 0.05% sodium azide was added and
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UV–Vis spectra was measured for determining the kmax of

GNPs.

Bioconjugation and characterization of GNPs

To make a gold conjugate with Salmonella Ab, the pH of

GNPs was initially adjusted to 5.6–6.0–6.5–7.0–7.5–8.0–

8.5–9.0 in 96-well plates. Then 40 lg/mL of Ab as final

concentration was added to the each well containing GNPs

and after 15 min incubation absorbance value was read at

kmax. The stability and polydispersity constant of GNPs/Ab

complex were evaluated by getting the ratio of absorbance

at kmax:580 nm and 600 nm:kmax (Englebienne 2000),

respectively after adding 10% NaCl into the solution. The

optimal pH value was determined according to the graph

and also by viewing the displayed color of the mixture,

which had to be the same as the originally synthesized

GNPs’ red color. The minimum Ab concentration desired

for coating GNPs was determined in 96 well plate by

adding of the Ab as 5–10–15–20–25–30–35–40–45–50 lg/
mL for final concentration into each well. The absorbance

value at kmax was read after incubation and 10% NaCl

solution was added to each well; subsequently, the readings

were retaken at kmax. To prepare a conjugate, Ab at the

predetermined optimum concentration, 20 lg/mL, was

added into GNPs and incubated with gentle shaking at

room temperature (RT). A 10% bovine serum albumin

(BSA) in sodium borate was also added into the mixture

and allowed to incubate. The mixture was pelleted at 4 �C.
The supernatant was discarded and pellet was washed with

wash buffer (WB) containing 1% BSA for 2 times. Finally,

the pellet was resuspended in 1 mL WB and called as

conjugate A, and UV–Vis spectrum was recorded before

storing at 4 �C. For negative controls, the same amount of

GNPs was prepared without adding Ab in order to ensure

that there will no non-specific capturing by other agents in

conjugation on the strip assay. Table 1 contains informa-

tion about the prepared GNPs with/without Ab.

Designing of lateral flow strips

The width of the strip tests was adjusted to 0.4 cm and the

strip components were manually placed as specified earlier

(Cam and Oktem 2017). Briefly, the sample pad was

overlapped on one end of NC membrane and the absorbent

pad was on the other end at a distance of 2 mm. The

reagents on capture zones were manually applied with

desired concentrations using a pipette tip. The treatment of

samples on the sample pad was performed by either load-

ing the 100 lL of sample or dipping the strips into the

eppendorf tubes including 200 and 500 lL of the fresh

cultured sample. The strips were washed with phosphate

buffered saline (PBS) once if desired.

Optimization parameters of developed lateral flow

strips

Stock concentrations of Salmonella Ab and IgG were

prepared in PBS. Thereafter, they were spotted on the

capture zones as test and control line, respectively with

different concentrations. The conjugate pad was prepared

by applying a mixture of 100 lL of GNP/Ab conjugate and

200 lL of conjugate pad buffer (sodium borate containing

BSA, sucrose, NaCl, Tween 20, sodium azide) onto a

fiberglass membrane and labeled as conjugate A. Then it

was allowed to incubate for 1 h. To make a comparison of

either concentrated or diluted conjugate solutions on the

conjugate pad, various mixtures were prepared. Briefly, 5

and 2.5 times concentrated conjugate A was loaded on the

pad and called as conjugate B and C, respectively. Con-

jugate D was prepared by diluting the conjugate A with a

ratio of �. M240, M180, M120 and M075 membranes

were tested to find the best membrane type for bacterial

strip assay. The LOD of target bacteria was determined

using heat inactivated Salmonella cells by making tenfold

serial dilutions. All experiments were done in triplicate

using different batches of synthesized GNPs and GNP/Ab

conjugates to verify the reproducibility of the results.

Results and discussion

Synthesis of gold nanoparticles and conjugation

with antibodies

The size of the synthesized GNPs was 36 nm and they

were filter sterilized before use (Online Resource 1).

Although it is difficult to obtain the reproducibility in

Table 1 Preparation of Salmonella Ab and GNP conjugates with negative controls and their UV–Vis spectra before and after centrifugation

UV–Vis 1 2 3

Reagents in conjugate solutions GNP/WBa GNP/PBS/BSA/WB GNP/Ab/BSA/WB

kmax before centrifuging 526 nm 526 nm 526 nm

kmax after centrifuging 527 nm 528 nm 532 nm

aWashing buffer
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regards to size distribution from batch to batch preparation

of GNPs, they were homogenously distributed spherical

nanoparticles. The kmax of GNPs was recorded at 526 nm

wavelength as expected. The concentration of GNPs was

also calculated as 1.18 9 1014 particles in 0.19 nM, theo-

ratically (Jain et al. 2006).

The stability and polydispersity of GNPs conjugated

with Ab at different pH after salt addition was evaluated

(Online Resource 2a) as the pH of coupling mixture plays

significant role in the labelling of GNPs process. As

expected, GNP conjugate was least polydisperse and most

stable at pH 9. Because to make a conjugation of GNPs in

the range of 5–60 nm with Ab is generally possible at the

pH values of 8–9.5 (Safenkova et al. 2010). Adding of

NaCl caused nanoparticle aggregation and resulted in

purplish color if the Ab concentration was low in the

solution. This is possible because if the NaCl as an elec-

trolyte is present in the solution, repulsive and attractive

forces between the particles are imbalanced due to the

masking of negative charges of colloidal solution (Verwey

and Overbeek 1948). Increased amount of Ab enhanced the

stability of GNPs, and it became constant after the con-

centration of 12 lg/mL Ab. However, 20 lg/mL of Ab was

decided to coat the GNPs since it produces a minimal

decline in absorbance at kmax and the red color intensity of

conjugates was still the same as the naked GNPs after

adding the salt to the solution. This amount of Ab is very

less compared to the high concentrations, 150 lg/mL,

(Mikawa et al. 2009) and enables making the strip cheaper.

Batch to batch sample preparation including the synthesis

of GNPs and conjugates were consistent and they were also

found as having a good stability for long term usage which

is about 10 months at 4 �C.
The UV–Vis measurements of gold conjugates were

reasonable and indicated peak shifting from 526 to 532 nm

after Ab coating since the absorption of GNPs is affected

by the immobilized proteins on GNPs’ surface (data not

shown). To result, Salmonella Abs prevented GNPs from

flocculation while they were agglomerated in the absence

of Abs. The size and Zeta Potential measurements were

also analyzed by Malvern Zeta Sizer. Both naked and

conjugated GNPs had shown perfect size distribution. It

might be deduced that Abs were adsorbed onto each GNPs

equally and resulted in size increment (Online Resource 3).

Zeta potential was - 53, 9 mV for naked GNPs and

- 30 mV for the conjugate (Online Resource 4). It can be

said that both the naked GNPs and conjugate are consid-

erably stable. Because the value of Zeta potential which is

more negative than - 30 mV or more positive than

? 30 mV shows stability (Nara et al. 2010). As a result

peak shifting, size increment and changed surface charges

of GNPs caused by the positively charged Abs confirmed

the bio-conjugation process.

Designing of lateral flow strips

The design of LFAs was performed as mentioned above.

36 nm GNPs showed a good stability and capturing effi-

ciency in the developed strips. Buffer solutions were found

to have positive effect on the flow. Increased sample vol-

ume on sample pad caused decreased color intensity on the

lines. The reason may be that completion of the reaction

between Ab and antigen in a very quick time suffered or

high volume of sample might interrupt the interaction of

conjugate and capture Abs. To add, highly concentrated

sample suffered from flowing through the membranes.

Although the shelf life of the strips was not evaluated in

this study, the results showed that the strips prepared by

8 months of GNPs and 1 month of gold conjugate were in

efficient working condition.

Antibody concentrations on the capture zones

After deciding the best condition for immobilization of

reagents on capture zones (data not shown), the optimal

concentration of test line Ab was experienced with Sal-

monella positive control cells (Fig. 1a–c) and live cells

(Fig. 1d) using M240 and M180 membrane, respectively.

0.3 lg/strip Ab was chosen as a suitable amount for both

positive control cells and live cells and used for further

experiments. This amount was found as considerably lower

than others (Choi et al. 2010; Lou et al. 2012) and could

allow the low cost for producers. Although high amount of

Ab is seen having a high color intensity on the test line, it

might cause the retention of more conjugate on the line and

prevent the flow through the control line (data not shown).

This means that the optimal amount of Ab is crucial for

specific binding for developed dipstick assays and both the

usage of excessive Ab concentration and bacterial medium

might cause the accumulation. Thus, 0.3 lg Ab per strip

was found in proportional with the prepared conjugate in

terms of the line intensity and naked eye analysis of tested

Salmonella strains. To highlight, using common structural

Ab specific to Salmonella eliminated the need of extra Ab

pairs for sandwich format in LFA (Singh et al. 2015) and

showed high selectivity in the test. While Salmonella

capturing either alone or in a bacterial mixture sample was

successful, control lines of some strips were not seen

(Fig. 1d6–d8, d10). This was caused by the inefficient flow

of conjugate and retention of sample on conjugate pad after

the interaction of high number of bacteria and media

components. However, S. infantis and S. enteritidis 1 were

captured sensitively and selectively compared to S. typhi-

murium when they were alone and in the mixture (Fig. 1

d1–d3, d9, d11). It is assumed that it is mostly related to Ab

specifity to those strains. S. infantis 1 was also recognized

in the mixture sensitively (Fig. 1 d12).
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Solution on the conjugate pad and stability

of the gold conjugates

It was observed that concentrated conjugates retarded the

flow on strips and resulted in weak line intensity and

nonspecific adsorption of gold conjugate to the NC mem-

brane. As expected the lower concentration of gold con-

jugate also showed weak binding to the target on test zones

(data not shown). Therefore, conjugate A was used for

further experiments as it has efficient flow and intensity on

the lines. In order to ensure of the stability of GNPs and

prepared strips, the conjugates were prepared by 2, 6 and

8 months of GNPs (Fig. 2). Repeating of all experiments at

different dates had consistent results. According to the

results, all the Salmonella strains were detected specifically

and the conjugate seemed to have higher affinity to S.

enteritidis strains and S. infantis compared to S. typhi-

murium. Thus, developed strips do not need any extra

signal amplification on the capture zones (Choi et al. 2010)

Fig. 1 Different Ab

concentrations on the test lines

for capturing of positive control

cells (a–c) and live Salmonella

cells (d) using M240 and M180

membrane, respectively. Test

line: 0.3 lg per strip Ab (a, d),
0.15 lg per strip Ab (b) and
0.1 lg per strip Ab (c). Control
line: 5 9 106 Salmonella

positive control cells. Strips 3–4

(a–c) were prepared with naked

GNPs 1 come from Table 1.

Strips 6 (a–c) have no capture

Abs on each line. Salmonella

and E.coli positive control cells

were loaded on sample pad. D.

soil: Dry soil bacteria sample.

500 lL of overnight cultures

were transferred into the

eppendorf tubes separately for

dipstick assay (d). The mixture

of different bacteria was

prepared by adding 500 lL of

each into the mix and after

mixing the cultures

homogenously 500 lL of mix

was transferred into the tubes

for dipping the strips (d)
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and still have stability for long time period. This is crucial

for increasing the shelf life of the developed strips.

Comparison of the membrane types

Since the detection time for end users of strips is crucial,

four types of Millipore membranes having different flow

rate were compared using both heat treated cells and live

cells (Fig. 3). The most appropriate NC membrane was

determined based on color intensity, stability, and reaction

time. The targets were recognized selectively by all

membranes. However, the test line intensity and releasing

of conjugates from the conjugate pads were not efficient for

M120 and M075 (c, d) even if they had rapid flow rate.

Weak line intensity might be related to inefficient Ab

immobilization on the test lines of those membranes. M240

has also weak color intensity on the test zone and flow take

a long time, 7 min. However, M180 showed the best results

in terms of those factors. Therefore, it can be decided as the

best membrane type for whole cell detection compared to

the other membranes used for the recognition of nucleic

acids of Salmonella (Du et al. 2017; Liu et al. 2013).

After deciding the membrane type, its specificity in

mixture containing other live bacteria was further experi-

mented using M180 membrane (Fig. 4). S. enteritidis

strains, S. typhimurium and S. infantis were detected either

alone or in the mixture specifically. However, the recog-

nition of S. enteritidis strains (strips 1, 7, 20) was better

than others under both conditions (strips 3, 5, 23, 24). This

result is important with respect to the specific detection of

pathogens in their environment as they are living with

various kinds of microorganisms in real life. Thus, M180

might be an ideal test membrane for multiple detection. To

say that, dipping the strips into high volume of bacteria in

medium without PBS affected the flow time and releasing

of conjugate from the conjugate pad. Thus, PBS was added

into the samples and prevented the agglomeration.

Determination of limit of detection (LOD)

LOD of captured Salmonella cells was determined as

5 9 105 cells in 100 lL (Fig. 5), which are known as

enough cell number for gastroenteritis in humans caused by

S. typhimurium (BVL 1996), in a 3 min with naked eye.

The strips developed in this study had a lower LOD than

the 106 CFU/mL detection limit of S. enteritidis recognized

by gold based immunochromatographic assay using com-

mercial Abs (Moongkarndi et al. 2011). Although lower

detection limits were reported (Zhang et al. 2006; Moon-

gkarndi et al. 2011; Yuan et al. 2014) they need to

biosensor development, silver enhacement, and nucleic

acid isolation of Salmonella for detection by LFA

Fig. 2 The comparison of GNPs/Ab conjugates prepared at different

dates using M180 membrane. Test line: 0.3 lg per strip Salmonella

Ab. Control line: 0.6 lg per strip anti goat IgG. The conjugates were

prepared by 2 (a), 6 (b) and 8 (c) months old GNPs. Strips A5, C19

and C21 were prepared by naked 1 GNPs coming from Table 1.

Sample preparation was performed by mixing 100 lL of overnight

culture and 100 lL of PBS (a, b) and the sample was loaded by

adding 33 and 25 lL of each overnight growth bacteria into 100 lL
PBS as total volume separately for the mixture containing three and

four different bacteria samples, respectively (c). Bacteria alone was

loaded as 100 lL from overnight culture
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Fig. 3 The comparison of membrane types for Salmonella test strips.

a M240, b M180, c M120, d M075. Strips a3, b2, b4, b6, b9, b10,

b13, c5, d5 were prepared with naked 1 GNPs. 5 9 106, 3 9 106 and

3 9 106 positive control cells were loaded in 100 lL PBS for

Salmonella, E. coli and V. cholerae, respectively for single and

mixture format (a). Mixtures were prepared by adding of 33 and

25 lL of each live bacteria into 100 lL PBS for three and four types

of bacteria, separately for dipstick assay (b). 100 lL of live bacteria

was added into 100 lL PBS for single bacteria dipstick assay (b–d).
Salm: Salmonella positive control cells. D.soil: Dry soil bacteria

sample

Fig. 4 Dipstick assay for live Salmonella strains alone and in the

mixture using M180 membrane. Test line: 0.3 lg per strip Salmonella

Ab. Control line: 0.6 lg per strip antigoat IgG. Overnight cultures

were applied to the strips. The strips were dipped into 200 lL of total

bacteria with PBS. The bacteria were used in 100 lL volume when

they were used singly. The strips 2–4–6–8–10–12–14–16–19–21 were

prepared by naked 1 GNPs as shown in Table 1. D. soil: Dry soil

bacteria, Bac: B. cereus, S. ent: S. enteritidis, S. typ: S. typhimurium
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(Liu et al. 2013) instead of cell surface recognition. Dif-

ferent membrane types and using increased Ab concen-

trations on the test line did not affect the sensitivity and

specifity of detection limit, significantly (data not shown).

Conclusion

Immunochromatographic test strips were prepared by using

colloidal GNPs with optimized parameters needed for the

development of Salmonella LFAs. Dipstick assays suc-

cessfully recognized the Salmonella cells with a desired

number that is enough for triggering the illness without

advanced instruments and experiments. S. enteritidis and S.

infantis were the best recognized bacteria among the

experienced strains. Strip assays could detect the targets

when they were in the medium and buffer. M180 mem-

brane was decided as the best membrane type for devel-

oping the assay for whole cell detection. 36 nm sized GNPs

can be estimated as a perfect size and good label for Ab

based LFA for bacterial detection. Because both the

nanoparticles and their conjugates with Abs were found as

highly stable after about 8 months at 4 �C. This is crucial
for increasing the shelf life of the developed strips. Since

the dipstick format of assays are generally attractive for the

end users, recognition of Salmonella by developed strips

might be applied to the real samples as it is shown in this

study. Thus, those findings can make these strips a poten-

tial candidate for capturing the pathogenic Salmonella in

water or food samples and will be helpful for various test

developers in terms of the LFA parameters. The strips are

currently being planned to be integrated in nationwide

screening programs by our team.
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