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ABSTRACT 

A late detection of pathogenic microorganisms in food and drinking water has a high potential to 

cause adverse health impacts in those who have ingested the pathogens. For this reason there is 

intense interest in developing precise, rapid and sensitive assays that can detect multiple foodborne 

pathogens. Such assays would be valuable components in the campaign to minimize foodborne 

illness. Here we discuss the emerging types of assays based on gold nanoparticles (GNPs) for rapidly 

diagnosing single or multiple foodborne pathogen infections. Colorimetic and lateral flow assays 

based on GNPs may be read by the human eye. Refractometric sensors based on a shift in the position 

of a plasmon resonance absorption peak can be read by the new generation of inexpensive optical 

spectrometers. Surface-enhanced Raman spectroscopy and the quartz microbalance require slightly 

more sophisticated equipment but can be very sensitive. A wide range of electrochemical techniques 

are also under development. Given the range of options provided by GNPs, we confidently expect that 

some, or all, of these technologies will eventually enter routine use for detecting pathogens in food. 
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1 INTRODUCTION 

Pathogen contamination in food can lead to foodborne diseases. This issue is considered to be a 

serious human health issue worldwide, particularly for infants. Bacteria, viruses, and parasites are the 

most common pathogens causing foodborne diseases (Wu et al., 2018; Cacciò, Chalmers, Dorny, & 

Robertson, 2018) but foodborne maladies from fungi are also known (Wu et al., 2018; Martinović et 

al., 2016). It is important to recognize the important role of toxins (exotoxin or endotoxin in the case 

of bacteria, or mycotoxins in the case of fungi) in induction of foodborne diseases (Martinović et al., 

2016) because the toxins may survive food processing operations that have killed the original 

pathogen. Both foodborne pathogens and their toxins can be present in foods such as vegetables, 

fruits, eggs, dairy products, raw or undercooked/cooked products containing seafood, meat, or poultry 

(Paramithiotis, Drosinos, & Skandamisal, 2017; Zhang et al., 2016; Yeni, Yavas, Alpas, & Soyer, 

2016).  For example, the outbreaks of foodborne illness in Japan in 2017 were caused by norovirus 

that had contaminated nori (dried shredded seaweed). These outbreaks caused over 2000 people to 

become ill across Japan (Sakon et al., 2018). Another example was the periodic outbreaks of 

camplylobacteriosis and salmonellosis from consuming contaminated chicken liver in United States 

during 2000-2016 (Lanier, Hale, Geissler, & Dewey, 2018). These, and many other, examples have 

made newspaper headlines around the world over the last decade. Various national bodies continue to 

seek methods to eliminate problems of this sort.  

     Velusamy et al. (Velusamy et al., 2010) divided the major conventional testing methods into three 

groups: 1) culture-and-colony counting methods, 2) immunology-based assays, and 3) the polymerase 

chain reaction (PCR). Recently loop-mediated isothermal amplification (LAMP) of DNA has also 

come to the fore (Niessen, Luo, Denschlag, & Vogel, 2013). Although these methods can work well, 

they also have disadvantages. They may be time consuming (~2 - 10 days), or labor intensive, or high 

cost (Velusamy et al., 2010). Typically, these techniques require a long pre-enrichment period without 

using any selective medium. In addition, the culture-and-colony method may be unreliable in some 

cases because some pathogens such as Campylobacter have a complex requirement for their growth 

(Hinton, 2016). In contrast, the LAMP method is becoming increasingly dominant in many countries 

due to its speed and low limit of detection (10 CFU mL-1 to 1000 CFU mL-1) even though it is still 

relatively expensive to apply. Nevertheless, because no single method is able to meet all criteria, there 

continues to be an interest in developing alternative detection methods that might have increased 

sensitivity, or that might be quicker or cheaper than the classical methods.  

     In the present review we will consider the role that analytical techniques based on gold 

nanoparticles (GNPs) can play in the detection of foodborne pathogens. This is a narrower scope than 

some other recently published reviews, for example those of Mocan et al. (Mocan et al., 2017). Yoo 

and Lee (Yoo & Lee, 2016), and Niessen et al. (Niessen, Luo, Denschlag, & Vogel, 2013), which 

considered the problem of detecting pathogens either more broadly or by techniques that did not 



involve GNPs. Here we include any nanoscale gold nanoparticle − sphere, shell, rod, cube, star etc. −  

within our definition of GNPs. GNPs offer a technologically interesting array of properties: they are 

non-toxic, readily synthesized, almost chemically inert, very small, electron-dense, and have a 

strongly enhanced optical absorption (at a wavelength of ~520 nm in the case of nanospheres). 

Furthermore, the shape of the nanoparticles can be controlled during synthesis so that specialized 

geometries, such as nanorods, can be made. The peak optical absorbance of nanorods and other non-

spherical gold particles is red-shifted from the ~520 nm of spheres towards the near-infra red (NIR). It 

is particularly the strong and tunable optical absorptance peak of GNPs that allow them to be used in 

various kits (Shehata & Hadi, 2018) for the expanding medical diagnostics industry but here we focus 

only on their use in the detection of food pathogens.  

 

2 COMMON FOODBORNE PATHOGENS 

As mentioned previously, bacteria, viruses, and parasites are common foodborne pathogens. 

Examples of foodborne pathogenic bacteria include Campylobacter jejuni, Listeria monocytogenes, 

Samonella spp., Shigella spp., Escherichia coli O157:H7, Clostridium botulinum, Clostridium 

perfringens, Staphylococcus aureus, Vibrio cholera, and Bacillus cereus (Hounmanou et al., 2016; 

Cho & Ku, 2017). The common foodborne virus is Hepatitis E virus (HEV) and this is especially of 

concern in developing countries (Seo et al., 2014). Poor sanitation of food preparation, particularly of 

meat products, can lead to HEV infection resulting in liver disease (Slot et al., 2017). The major 

parasites involved in foodborne diseases include Cryptosporidium, Trichinella, and Toxoplasma 

(Cacciò, Chalmers, Dorny, & Robertson, 2018; Algaba et al., 2018). Examples of foodstuffs that are 

commonly contaminated and which may cause foodborne diseases are shown in Table 1.  

     Even if live pathogens are no longer present, there is the question of toxins that might be left 

behind by the pathogen. In particular, endotoxin and exotoxin can play a role during the outbreak of 

foodborne diseases. Endotoxin is found in gram negative bacteria. This toxin is located at the lipid 

part of lipopolysaccharide (LPS) and may be released if the bacterium dies. In contrast, exotoxin can 

be released from living bacterial cells; mostly gram positive bacteria. For example, Staphylococcus 

aureus can release a food poisoning exotoxin known as staphylococcal enterotoxin (Fletcher et al., 

2015), and Listeria monocytogenes produces and releases listeriolysin O which acts as a hemolysin 

that has an ability to destroy red blood cells (Binh, Minh, & Nguyet, 2017). 

 



TABLE 1 Examples of pathogenic bacteria, viruses, and parasites that can contaminate food and 

cause foodborne diseases.  

 

 

 

 

 

 



3 PROPERTIES OF GNPS RELEVANT TO DIAGNOSIS  

3.1 General properties of gold nanoparticles  

Gold nanoparticles (GNPs) are widely used across the biomedical field due to their biocompatibility 

arising from their high chemical and physical stability, ease of functionalization with biologically 

active and organic molecules, and their unique optical properties resulting from the collective 

oscillation of electrons located in the conduction bands. The absorption peak caused by the latter is 

known as a localized surface plasmon resonance (LSPR) (Figure 1) (Amendola et al., 2017) and is 

frequently exploited in diagnostic technologies. These oscillations occur when light of a resonant 

frequency impinges on the GNP. They lead to electrical polarization of the GNP, forming (in the 

simplest case) an oscillating dipole that absorbs or scatters the light (Cordeiro et al., 2016). 

 

 

FIGURE 1 Representation of surface electrons of GNPs interacting with electromagnetic waves to 

induce localized surface plasmon resonance (LSPR) (Cordeiro et al., 2016). Reprinted with 

permission from Ref. (Cordeiro et al., 2016). Copyright©2016 Multidisciplinary Digital Publishing 

Institute.   

 

The frequency and strength of the LSPR is strongly influenced by the GNP’s shape and size, the inter-

particle distance and the dielectric constant of the surrounding medium. It is possible to selectively 

modify one or more of these variables to fine-tune the LSPR for different applications. An LSPR may 

involve both scattering and absorption phenomena. Generally, the use of smaller and more 

symmetrical GNPs favors absorption while larger and more anisotropic shaped GNPs tend to favor 

scattering  (Cordeiro et al., 2016). 

Many sizes and shapes of GNPs can be synthesized, including nano-cubes, prisms, stars, 

octahedrons, rods, plates, and less well-defined shapes like flowers (Du et al., 2018; Fkiri et al., 

2017). Colloids of spherical GNPs of  <60 nm diameter have a characteristic ruby red color in 

aqueous solution due to an  LSPR-induced absorption peak at about 520 nm. This results in the 



absorption of green light so that the light that is transmitted appears red or burgundy to the eye.  

However, as symmetry is reduced and the GNP becomes more anisotropic (eg. gold nanorods 

(GNRs)), an additional LSPR band appears at longer wavelengths. This can be tuned into the near-

infrared (NIR) by an increase of the aspect ratio of the nanorods (Carnovale, Bryant, Shukla, & 

Bansal, 2016). Fine tuning of the optical properties of GNPs is essential for optimizing their 

performance in a variety of applications: optical properties that maximize absorption are ideal for 

photothermal therapies or colorimetric assays while those that favor scattering are more suited for in 

vivo imaging using NIR (Cordeiro et al., 2016) or surface-enhanced Raman spectroscopy (Qian et al., 

2008) (Figure 2). Diagnostic applications of GNPs most commonly use spherical particles. 

 

 

 

FIGURE 2 Schematic diagram showing the use of GNPs in various forms of biomedical applications.  

 

Synthesis of GNPs can be split into two categories: a ‘bottom-up’ synthetic approach involving the 

reduction of Au3+ ions and the consequent precipitation of GNPs in the form of spheres, rods or 

polygons, and the ‘top-down’ approach involving the spatially-directed delivery (or removal) of Au to 

form a desired nanostructure, such as a nano-bowtie or array of triangles. Currently, most  of the 

diagnostic applications using GNPs favor the bottom-up approach. In this case GNPs can be 

synthesized via chemical or electrochemical reduction, possibly assisted by thermal or sonochemical 

means (Eustis & El-Sayed, 2006).The chemical method is most common, utilizing a reducing and 

stabilizing agent. One of the most renowned chemical methods for synthesis of spherical GNPs is the 



Turkevich method involving the reduction of HAuCl4 by citrate ions in water (Turkevich, 1985). In 

this instance, the trisodium citrate dihydrate acts as both the reducing agent and stabilizer, resulting in 

a colloid of spherical GNPs with a characteristic burgundy color. Importantly, the synthesis process 

leaves the surface of the GNPs both coated with citrate ions and negatively charged (Spina et al., 

2017). This stabilizes the GNPs as a colloid. Electrochemical synthesis of GNPs involves the 

reduction of gold metal ions in the presence of surfactants in a simple two-electrode cell. This process 

can, for example, be used to deposit GNPs on the surfaces of multi-walled carbon nanotubes, in high 

quality and with controllable yields (Herizchi, Abbasi, Milani, & Akbarzadeh, 2016). Ionic liquids 

can also be used to synthesize GNPs, acting as the solvent, capping agent, template, and precursor 

simultaneously. When ionic liquids are used in the sonochemical synthesis of GNPs it becomes 

possible to synthesize very small NPs with a fast rate of reaction, however the size distribution is 

often wide. Increased control over size distribution and shape can be achieved through the addition of 

surfactants (Herizchi, Abbasi, Milani, & Akbarzadeh, 2016). 

Synthetic methods that use biologically-derived reductants are sometimes reported in the literature. 

The motivation is generally that the resulting GNPs ought not to require subsequent detoxification 

processes before use because ‘natural products’ were used in their manufacture. So-called ‘biological’ 

synthetic methods may involve the use of plants, plant extracts, enzymes or even synthesis within live 

microorganisms (Du et al., 2018; Herizchi, Abbasi, Milani, & Akbarzadeh, 2016). The argument for 

the use of such natural products as reactants is weakened however by the fact that a synthetic form of 

the relevant reductant or surfactant would normally be commercially available at a greater purity and 

possibly at lower cost than the ill-defined mixture of ‘biologically-sourced’ reductants and surfactants. 

In any case, from the point-of-view of diagnostic applications, it is far better to use well-characterized 

and high purity synthetic reductants and surfactants in the preparation of GNPs as the ‘toxicity’ issue 

does not even arise in ex situ tests. 

 

4 SINGLE DETECTION OF FOODBORNE PATHOGENS 

As we will discuss below, there are several GNP-based techniques that are suitable for detection of a 

single pathogen. Each has its advantages and disadvantages and none dominates yet in the 

marketplace. It is still an open question whether any of these techniques can displace the industry-

standard colony or DNA-based techniques in routine commercial test work. 

 

4.1 Solution-based colorimetric assays using GNPs 

Manipulation of the LSPR causes color changes to colloids of GNPs that can be readily detected. As a 

result, GNPs have been used as a nanoprobe platform that is flexible enough to detect both target 

molecules at very low concentrations (Elghanian et al., 1997) and whole pathogens (Verma, 



Rogowski, Jones, & Gu, 2015). Here, we focus on application of this technology to detect specific 

foodborne pathogens.    

Early detection of contaminated food by using a solution-based colorimetric assay that employs 

GNPs can be achieved without using sophisticated equipment. This type of assay can utilize the 

strong absorption and light scattering properties of GNPs that were described above. GNPs have 

extinction coefficients that are >1000 times higher than organic dyes, and the colorimetric changes  

display high sensitivity (Niu et al., 2014) and can often be detected by the naked eye (Du et al., 2018; 

Bui, Ahmed, & Abbas, 2015; Kim et al., 2018; Li et al., 2018). In order to achieve specificity towards 

foodborne pathogens of interest, targeting moieties such as antibodies (Bui, Ahmed, & Abbas, 2015), 

oligonucleotides (Du et al., 2018), or aptamers (Niu et al., 2014; Kim et al., 2018; Ma et al., 2017) can 

be conjugated to the surfaces of GNPs. For example, Ma et al. (Ma et al., 2017) developed a GNP 

aptasensor for detecting Salmonella typhimurium, a common cause of food-associated illnesses. 

Aptamers are short, specific oligonucleotide or single stranded DNA (ssDNA) sequences. These can 

be absorbed onto the surface of GNPs and will prevent aggregation of the GNPs. However, in the 

presence of their specific targets, aptamers preferentially desorb from GNPs and bind their targets, 

leading to GNP aggregation. Based on this principle, S. typhimurium could be detected at 56 CFU 

mL-1.  In a slightly different approach, isothermal recombinase polymerase amplification (RPA) was 

used in combination with unmodified GNPs by Chen et al to detect Salmonella in milk. A detection 

limit of 50 CFU was demonstrated after 6 hours enrichment.  

Aptamers have also been used to detect Campylobacter jejuni and Campylobacter coli in chicken 

carcass samples using a two-stage aptasensor platform (Figure 3) (Kim et al., 2018). In the first stage, 

samples are enriched for 48 h, whilst in the second stage (detection) GNPs either remained red in the 

absence of target pathogens or they aggregated and produced a purple color if pathogens were present. 

This aptasensor was found to be comparable in accuracy to the current ‘gold-standard’ tazobactam-

supplemented culturing method and superior to official agar detection methods which can take 4-8 

days to complete. Although this colorimetric assay does not allow for the quantification of C. jejuni or 

C. coli, it can be used on real food samples and gives an easily detectable result within 30 min after 

only 48 h of sample enrichment – a significant time reduction from the current standard procedures 

(Kim et al., 2018). 

 



 

 

 

FIGURE 3  Schematic illustration of the principle of detection in the two-stage aptasensor platform 

developed by Y.-J. Kim et al (Kim et al., 2018). Reprinted with permission from Ref.  (Kim et al., 

2018). Copyright©2018 Elsevier. 

 

Du et al. (Du et al., 2018) have demonstrated the ability to detect Listeria monocytogenes using 

oligonucleotide-functionalized GNPs (OLG-GNPs) as a detection probe. This colorimetric assay 

requires bacterial DNA extraction and amplification of the hlyA gene from L. monocytogenes 

(corresponding to the OLG probe) via PCR prior to analysis. Upon addition of OLG-GNPs, the 

presence of either PCR product hlyA gene or target genomic DNA prevented aggregation of GNPs 

while negative samples led to aggregation and a colorless solution which was readily detected with 

the naked eye. The limit of detection was 48.4 ng and 100.4 ng respectively (Du et al., 2018). 

Viable emetic Bacillus cereus was similarly visually detected in milk by Li et al. (Li et al., 2018) 

using an unmodified GNP assay developed with propidium monoazide (PMA)-asymmetric 

polymerase chain reaction (as PCR). In this assay, the PMA serves to eliminate false positives given 

by non-viable bacteria present in tested samples as it prevents amplification of PMA-intercalated 

DNA. In the presence of amplified target ssDNA (positive samples), the GNP assay remained ruby 

red as they were protected by aggregation, however in the absence of target ssDNA (negative 

samples) a striking visual color change to blue-purple occurred rapidly with aggregation. The color 



change was found to be directly linked to the concentration of B. cereus in the samples and the 

absorbance ratio A650nm/A520nm as measured by ultraviolet-visible (UV-vis) spectroscopy was 

found to be directly proportional to the concentration of the pathogen (Li et al., 2018). 

While most GNP colorimetric assays require sample enrichment prior to analysis, Thiramanas and 

Laocharoensuk (Thiramanas & Laocharoensuk, 2016)  have taken advantage of the strong 

electrostatic interactions of positively charged polyethyleneimine-coated GNPs (PEI-GNPs), 

negatively charged enzymes (β-galactosidase), and bacteria to create a competitive binding assay to 

eliminate this step. Binding of the PEI-GNPs to the enzymes inhibits their activity, however in the 

presence of large quantities of bacteria the PEI-GNPs will preferentially bind to the LPS of gram 

negative bacteria (such as enterotoxigenic E. coli) or the teichoic acids of gram positive bacteria (S. 

aureus) and enzymatic activity will be restored. The enzymatic activity can then be colorimetrically 

monitored through hydrolysis of substrate chlorophenol red β-D-galactopyranoside, causing an 

evident yellow to red color change which could be detected within 10 min using a UV-vis 

spectrophotometer or by eye in 2-3 h. This assay was successfully applied to drinking water samples 

for the detection of both gram positive and gram negative bacteria with a limit of detection of 10 CFU 

mL-1 (Thiramanas & Laocharoensuk, 2016).  

 

4.2 Lateral flow assay 

Lateral flow assays (LFAs) are a type of immunochromatographic technique that has been widely 

used to detect target analytes in sample matrices. These assays are easy, rapid, and there is no need to 

use expensive or complicated equipment for detection the signal. Furthermore, the assay is highly 

portable. The earliest development of this technique did not use GNPs, but the later inclusion of GNPs 

increased the sensitivity of detection of target analytes.  

Similar to solution-based colorimetric assays, many types of molecules can be conjugated onto the 

surface of the GNPs. The common molecules used for foodborne pathogenic detections are antibodies 

or nucleic acid sequences. The situation for the Enterobacteriaceae (Salmonell spp., E. coli) have been 

reviewed by Singh et al. (Singh, Sharma, & Nara, 2015) who find that, in general the limit of 

detection is about 1105 CFU mL-1 without enrichment, down to about 1 CFU mL-1 after enrichment.  

As one example, Liu et al. (Liu et al., 2013) prepared nucleic acid-based LFAs by conjugating 16S 

rDNA/rRNA to GNPs for detection Salmonella in food. The detection probe was prepared by 

modifying a thiol group on oligonucleotide (DNA sequence tagged with 10 adenosine residues and 

thiols). The target analyte (Salmonella) was hybridized with a capture probe and then a detection 

probe. The membrane was dipped into this hybridized analyte in combination with silver 

enhancement at the test membrane. The sample that contained Salmonella could be detected at the 

detect line at 104 CFU mL-1 and produced a color on the membrane.  



Although the use of nucleic acid sequences as a molecular ligand to target pathogens is sensitive, it 

is important to note here that, to prepare the sequence of the nucleic acid, the PCR technique is 

usually needed. Unfortunately, use of PCR imposes specific requirements such as expensive reagents, 

special equipment, and the availability of highly skilled technicians. This has stimulated interest in 

another recent version of nucleic acid sequence preparation that can be done by isothermal 

amplification of nucleic acid sequences (Niessen, Luo, Denschlag, & Vogel, 2013). This type of 

amplification does not need any thermal cycling equipment and only a constant temperature is applied 

to amplify nucleic acid sequences. GNPs can be included to provide for a strong color change. There 

are several types of isothermal amplification. For example, loop-mediated amplification (LAMP) is 

commonly used in combination with GNP-based LFAs. Unfortunately, LAMP is susceptible to 

contamination and this will cause inaccurate results. In 2017, Zhao et al (Zhao et al., 2017) 

demonstrated how to solve this problem by adding propidium monoazide (PMA). In their technique 

they used 30 nm GNPs and LFA together, and they could detect Salmonella in artificially 

contaminated powder infant formula at the detection limit of 2.2 CFU g-1 without doing any 

enrichment process.  Their sensitivity was actually higher than using conventional PCR technique to 

detect Salmonella.  On the other hand, LAMP requires a complicated priming condition. In contrast, 

another isothermal amplification technique called helicase-dependent amplification (HAD) does not 

(Du, Zhou, Li, & Wang, 2017). The use of thermophilic HAD to amplify target nucleic acid (invA 

gene) for Salmonella detection was demonstrated by Du et al. (Figure 4) (Du, Zhou, Li, & Wang, 

2017). This technique could detect 1.3-1.9 CFU g-1 or CFU mL-1 of Salmonella contaminated in food 

(chicken products and cereal) after 2 h enrichment. But, it needed another 2 h of enrichment for 

Salmonella contaminated in milk. This indicates that the nature of contaminated food has an impact 

on the time required for the detection assay.  

 

 

FIGURE 4 A schematic depiction of the principle of GNP-based LFA to target genomic DNA  (invA 

gene) amplified by thermophilic HAD for Salmonella detection. The invA gene is labeled with 

digoxin and biotin (Du, Zhou, Li, & Wang, 2017). Reprinted with permission from Ref. (Du, Zhou, 

Li, & Wang, 2017). Copyright©2017 Elsevier. 

 



Although the use of nucleic acid as a specific target can provide a high sensitivity, it requires 

complicated protocols and sophisticated equipment to prepare nucleic acid molecules as discussed 

previously. The use of proteins as a target molecule can help decrease these problems. Suria et al. 

(Suria, Afendy, Azlina, & Zamri, 2015) developed a LFA to detect E. coli O157:H7 by physically 

conjugating 40 nm GNPs with polyclonal antibody (IgG) against E. coli O157:H7. The conjugate 

(GNP-PolyIgG) was sprayed on a LFA strip. If the test sample contains E. coli O157:H7, then binding 

between E. coli O157:H7 and GNP-PolyIgG conjugates will occur, resulting in forming of the GNP 

color on the strip. There was a high specificity to only their target; E. coli O157:H7 (Figure 5). 

However, as with the other techniques discussed previously, the detection of the foodborne pathogens 

still required that the bacterial content be enriched in the sample prior to analysis being attempted.  

 

 

FIGURE 5  The detection of E. coli O157:H7 by using GNPs-based LFAs.  The strip only detects E. 

coli O157:H7 and produces the red color of GNPs at the control line (C) and the test line (T). In the 

case of Salmonella typhimurium (ST), Campylobacter jejuni (CJ), and Listeria monocytogenes (LM), 

the red color cannot be detected at the test line. Reprinted with permission from Ref. (Suria, 

Afendy,Azlina, & Zamri, 2015). Copyright©2015 Universiti Putra Malaysia. 

 

Immunomagnetic beads offer a possible solution in this regard. For example, Cui et al. (Cui et al., 

2013) combined magnetic beads with the GNP-based LFA for the detection of E. coli 0157:H7. They 

used magnetic beads of ~180 nm diameter to which the antibody against E. coli 0157:H7 had been 

attached. This was used to separate and concentrate the target bacteria before testing samples on a 

GNP-based LFA (Figure 6). This technique only needed 6 h enrichment time and a few more minutes 

for  E. coli 0157:H7 detection in food inoculated with only 10 CFU g-1  E. coli 0157:H7. The total 



time was ~ 72 min without any use of sophisticated skills or equipment, and the combination of 

immunomagnetic separation and GNP-based LFA produced a higher sensitivity than that possible 

without the immunomagnetic separation.  

 

FIGURE 6 Schematic illustration of process to concentrate and detect E. coli 0157:H7 using 

immunomagnetic beads. (Top) Separation and concertation of target bacteria. (Bottom) GNP-based  

LFA for E. coli 0157:H7 detection. Reprinted with permission from Ref. (Cui et al., 2013). 

Copyright©2013 Elsevier. 

 

4.3 Refractometric sensors 

The frequency of an LPSR is red-shifted by an increase in the dielectric function of the surrounding 

environment. This shift can be detected using a spectrometer and has been the inspiration for a large 

number of ‘refractometric’ sensing schemes based either on propagating surface plasmon polaritons 

(Homola, 2008), or on localized surface plasmon resonances on discrete nanoparticles (Yoo & Lee, 

2016). There has not been much uptake of these ideas for detecting food pathogens however. 

In some sensor designs the capture of a bacterium onto the surface of a nanoparticle has been 

correlated with an increase in absorptance rather than a shift in the peak. For example, Oh et al. (Oh et 

al., 2017) have shown how this phenomenon can be used to make a sensor for rapid detection of S. 

typhimurium:  first, a portable LSPR sensing ship was conjugated with aptamer and GNPs, next the 

sensor was incubated for 30 min within a sample containing S. typhimurium, finally the intensity of 

the LSPR peak was measured by a UV/Vis spectrophotometer (the wavelength of the measurement 



was not given) (Figure 7).  The presence of the bacterium is deduced from the increase in absorbance 

at the unspecified wavelength.  The detection limit was reported to be 1104 CFU mL-1.   

 

 

FIGURE 7 Schematic overview of Salmonella typhimurium detection in samples using a GNP-

aptamer-based LSPR sensing chip with the property that absorbance is correlated with number of 

attached live bacteria. Reprinted with permission from Ref. (Oh et al., 2017). Copyright©2017 

Nature. 

 

 

 

4.4 SERS 

Surface enhanced Raman scattering (SERS) refers to the massive amplification (1105 and more)  of a 

Raman signal that is obtained by using noble metal substrates (Albrecht & Creighton, 1977). There 

have been many applications of this discovery in the life sciences. One of the present authors has, for 

example, used colloids of Au nanorods to detect very small amounts of biological molecules on the 

surfaces of macrophage cells (Pissuwan & Hattori, 2016), or to detect different molecules that are 

actually inside cells (Pissuwan, Hobro, Pavillona, & Smith, 2014). The latter mode of operation 

provides one of the very few techniques (Dowd, Pissuwan, & Cortie, 2014) available for remote 

optical analysis of the intracellular chemical environment (Qian et al., 2008). Not surprisingly, SERS 

has also received attention as a tool for identifying pathogens, including in food (Zhao, Li, & Xu, 

2018). 



     As a recent example of what is possible, a relatively complicated ‘sandwich assay’ for  the 

detection of  E. coli by SERS using GNPs (spherical shape) and gold nanorods  (GNRs) was reported 

by  Bozkurt et al. (Bozkurt et al., 2018). In that case, hydrolyzed SERS substrate (5-bromo-4-chloro-

3-indolyl phosphate; BCIP) generated by alkaline phosphatase (ALP) was used as a label for the 

SERS. The amount of ALP is directly related to the number of bacteria (Figure 8). Enrichment was 

achieved using gold-coated magnetic nanoparticles to which an E. coli antibody had been conjugated. 

Once separated, GNRs that had been coated with both ALP and an antibody against E. coli was 

added. This allowed for a highly selective interaction of ALP and the E.coli. Thereafter, the mixture 

of  E. coli  and nanoparticles was blended with the BCIP substrate, and the ALP on the surface of any 

attached GNRs could hydrolyze the BCIP and produce 5-bromo-4-chloro-3-indole (BCI). The method 

was very sensitive, with a limit of detection of the order of 10 CFU mL-1. References 19 to 23 of 

Bozkurt et al. (Bozkurt et al., 2018) provide additional examples of using SERS to detect E. coli. 

 

 

FIGURE 8 An overview of ALP labelled SERS active assay for Escherichia coli detection. Reprinted 

with permission from Ref. (Bozkurt et al., 2018). Copyright©2018 Elsevier. 

 

Gao et al. (Gao, Pearson, & He, 2018) used the properties of 4-mercaptophenylboronic acid (4-

MPBA) to construct a SERS sensor for bacteria. This compound can interact with the peptidoglycan 

that is a characteristic of  bacterial cell walls and it has a strong and unique SERS signal. Samples are 



placed on a membrane and 4-MPBA was added. If any E. coli O157:H7 cells are present, they will 

react with the 4-MPBA. The SERS detection was performed after adding GNPs (50 nm) and the 4-

MPBA peak at 1072 cm-1 was used to indicate the presence of bacteria.  SERS mapping of the 

samples (Figure 9) showed that E. coli O157:H7 could be detected down to about 10 CFU mL-1 and 

without any enrichment (Figure 9). However, this approach cannot distinguish between live or dead 

bacteria.  

 

 

FIGURE 9 SERS maps of surface of sensor for different concentrations of E. coli O157:H7. 

Reprinted with permission from Ref. (Gao, Pearson, & He, 2018). Copyright©2018 Elsevier. 

 

Uusitalo et al. (Uusitalo et al., 2016) fabricated a polymer SERS substrate using a roll-to-roll 

technique. This was combined with immunomagnetic separation and GNPs to provide an easily up-

scalable platform for detection of Listeria innocua. A detection limit of about 1104 CFU mL-1 was 

achieved.    

The combination of GNPs and aptamers as a SERS nanoprobe has also been recently reported (Ma, 

Xu, Xia, & Wang, 2018; Xu, Ma, Wang, & Wang, 2018). So-called ‘spiny’ GNPs were modified with 

4-mercaptobenzoic acid (4-MBA) and thiolated Salmonella typhimurium aptamer. The 4-MBA has a 

very distinctive Raman signal and is commonly used as a Raman reporter.  The aptamer was used as a 

probe to detect S. typhimurium in pork meat (Figure 10) by monitoring the intensity of the 4-MBA 

SERS peak at 1586 cm-1. The results were correlated against the standard colony counting method. 

This technique can be used to detect S.  typhimurium at the range of 10 – 105 CFU mL-1 with a limit of 

detection at 4 CFU mL-1. The technique is quite specific to S. typhimurium in mixtures with other 

gram negative and gram positive bacteria (Ma, Xu, Xia, & Wang, 2018). In a related example, the 

ssDNA1 aptamer (which is specific to S. typhimurium) was combined with a gold nanodimer 

constructed from 35 nm GNPs Then, 15 nm GNPs were conjugated with Cy3 labelled with ssDNA2. 



The Cy3 was used as a Raman reporter because it provides a strong SERS signal at 1203 cm-1. But, 

the limit of detection of these gold nanodimers to target S. typhimurium is less sensitive than using 

spiny GNPs (4 CFU mL-1) (Xu, Ma, Wang, & Wang, 2018).  

 

 

 

 

FIGURE 10 A schematic showing the use of spiny GNPs and aptamer as a SERS nanoprobe to detect 

Salmonella typhimurium. Reprinted with permission from Ref. (Ma, Xu, Xia, & Wang, 2018). 

Copyright©2018 Elsevier. 

 

4.5 Electrochemical techniques 

Electrochemical biosensing of pathogens using a GNP-platform is also feasible.  For example, the 

incorporation of GNPs into an electrochemical biosensor for E. coli 0157:H7 was reported by Wang 

and Alocilija (Wang & Alocilja, 2015). Two types of nanoparticles were used in their study. These 

two forms were 1) polymer-coated MNPs and 2) carbohydrate-coated GNPs. The target E. coli 

0157:H7 was separated by polyaniline capped MNPs and then conjugated with anti-E. coli 0157:H7 

monoclonal antibody via an electrostatic interaction. Similar to the work reported by Cui et al. (Cui et 

al., 2013), these conjugated MNPs work as a separator by separating target E. coli 0157:H7 from the 

sample matrix. The second particle; carbohydrate-coated GNPs, was conjugated to anti-E. coli 

0157:H7 polyclonal antibody to having a role as a  detector by generating electrochemical signals. 

After the complex of MNPs and GNPs attached to target E. coli 0157:H7 was magnetically separated 

out, the amount of E. coli 0157:H7 was measured through an electrochemical signal using a 

potentiostat (Figure 11). The signal was in a linear relationship with the amount of E. coli 0157:H7. 

This technique could detect E. coli 0157:H7 at concentrations of 10-106 CFU mL-1. In related work by 



Alocilija et al, the attachment of bacteria to GNPs that are in turn bound to an RFID tag immersed in 

milk alters the electrochemical impedance of the surface which then alters the radio signal broadcast 

by the RFID tag.  

 

 

FIGURE 11 A schematic representation of the combination of polyaniline capped MNPs conjugated 

with anti-E. coli 0157:H7 monoclonal antibody to separate E. coli 0157:H7. The  carbohydrate-coated 

GNPs conjugated anti-E. coli 0157:H7 polyclonal antibody was applied to form a sandwich structure 

with MNPs and to enhance electrochemical signals. Reprinted with permission from Ref. (Wang & 

Alocilja, 2015). Copyright©2015 BioMed Central. 

 

 

4.6 Quartz crystal microbalance 

Recently Haddada et al. (Haddada, Salmain, & Boujday, 2018) demonstrated the use of GNPs to 

enhance piezoelectric immunosensing of staphylococcal enterotoxin A (SEA; molecular weight ~ 28 

kDa). This toxin is commonly the cause of illness in food poisoning outbreaks (Loir, Baron, & 

Gautier, 2003) and, therefore, detection of it at an early stage can also help limit spread of the 

problem. In the study of Haddada et al., they modified the surface of gold-and silicon-coated quartz 

crystal substrate with GNPs (with two diameters at ~ 13 nm and 40 nm). The role of the GNPs here is 

to increase the active surface area of the sensor.  As shown in Fig. 12, GNPs were applied on the gold 

or silicon substrate. Thereafter, GNPs on the substrate were treated with cysteamine (CEA) and 1,4-

phenylenediisothiocyanate (PDITC) to generate an amine reactive function that is suitable for 



covalently binding of Protein A on the GNPs surface. Then, the polyclonal rabbit anti-SEA antibody 

that is specific to SEA was immobilized on the Protein A. The functionalized sensor was then used as 

a piezoelectric transducer to detect SEA in the sample down to a limit of 1 ng mL-1. 

 

 

 

FIGURE 12 The surface modification of (a) gold and (b) silicon substrates by using GNPs. (c) The 

treatment of GNPs by with cysteamine (CEA) and 1,4-phenylenediisothiocyanate (PDITC). Reprinted 

with permission from Ref. (Haddada, Salmain, & Boujday, 2018). Copyright©2018 Elsevier. 

 

4.7 Comparison of test methods 

The great diversity of techniques available to detect single types of pathogen makes it difficult to 

confidently predict the future development of this field. Essentially, the available techniques can be 

divided into rapid or slow, expensive or cheap, field- or laboratory-based, sensitive or approximate, 

amongst other considerations, and no single method is ideal for all scenarios. The colorimetric and 

lateral flow techniques are certainly fast to apply (but may require a lengthy pre-enrichment step) and 

do not require skilled manpower or sophisticated equipment. The refractometric, SERS, 

electrochemical, and quartz microbalance methods require specialized equipment, although this can 

be relatively inexpensive in the case of the refractometric and electrochemical sensors. Colorimetric 

and lateral flow techniques can be readily deployed in the field, but the others may require a 

laboratory environment for best results. We expect that individual food processing industries will in 

many cases adopt specific variations of the technologies described above, and that no single method 

will dominate.  

 

5 MULTIPLE DETECTION OF FOODBORNE PATHOGENS  

The techniques described above are suitable for detection of a single, pre-identified species of 

pathogen. A complicating issue is that there may be more than one species of pathogen in the food 



sample. Some solutions to this latter problem have been demonstrated. For example, Li et al. (Li et al., 

2011) fabricated an immunochromatographic LFA to be used as an immune-disc sensor for detection 

of a mixture of Pseudomonas aeruginosa and Staphylococcus aureus. Their assay had an ability to 

distinguish the type of bacteria in the mixture. They conjugated 20 nm GNPs to polyclonal antibodies 

against the target bacteria, and monoclonal antibodies against the same bacteria were immobilized on 

an arm of a ‘peace design’ the LFA, Figure 6.  The control line was immobilized polyclonal donkey 

anti Rabbit IgG. The samples containing only S.  aureus (Figure 13a) or  only P.  aeruginosa (Figure 

13b) and the mixture of S.  aureus and P.  aeruginosa (Figure 13c) could be clearly distinguished. 

This technique provided promising results for detecting target bacteria in samples that have more than 

one type of bacteria mixed together at concentrations in the range of 500 CFU mL-1 to 5000 CFU 

mL-1. No pre-treatment of the samples was required (Li et al., 2011). Further work is still probably 

required, however, to confirm whether false positive/negative results may be obtained by using this 

technique.  

 

 

FIGURE 13 The ‘peace design’ GNP-based-LFA format was used to distinguish target bacteria; 

Staphylococcus aureus in the mixed bacteria (S. aureus & P. aeruginosa). (a) The sample contains 

only S. aureus, (b) The sample contains only P. aeruginosa and (c) the mixture of S. aureus and P. 

aeruginosa, were tested on GNPs-based Peace design LFA (Li et al., 2011). 

 

A class of techniques designated ‘high throughput methods’ has become attractive recently. These 

techniques can detect multiple strains/species of pathogens at one time. Implementations such as 

microarrays (Li, 2016), multiplex PCR (Rodríguez et al., 2015), and genome scale metabolic 

technique (Metz, Ding, & Baumler, 2018) have been developed. However, these techniques require 



sophisticated analytical equipment and are not well suited for routine or field detection. Similar to 

previous discussion in single detection section, an easy onsite assay is necessary to detect foodborne 

pathogens. One solution is to extend the design of GNP-based immunochromatographic strips or 

LFAs to detection of multiple species of foodborne pathogen but this is quite challenging.  

In 2016, a simultaneous detection of Shigella boydii and E. coli O175:H7 using gold 

immunochromatographic strip was demonstrated by Song et al. (Song et al., 2016).  GNPs with a 

diameter of ~15 nm were conjugated with monoclonal antibodies against these two bacteria through 

ionic and hydrophobic interactions between GNPs and antibodies  at the conjugated pH around the 

isoelectric point of antibodies. The monoclonal antibodies against S. boydii and E. coli O175:H7 were 

used for conjugating with GNPs. A mixture of GNP-antibody conjugates specific to S. boydii and E. 

coli O175:H7 was prepared. As usual, the LFA needs a conjugate pad that contains GNP-antibody (or 

other ligands) conjugates in its system. When the capture antibody of each bacteria was immobilized 

on the membrane, it could detect whether S. boydii or E. coli O175:H7 or both bacteria were 

contained in the sample or not. The preparation of the membrane for GNPs-based LFA is shown in 

Fig. 14a-e.  This technique could detect S. boydii or E. coli O175:H7 at a concentration of  106 CFU 

mL-1 (Figure 15).  The pre-incubation time of target bacteria contaminated in food was differently 

depending on the type of food. In their case, it took 10 h for bread and milk and 8 h for jelly. This is 

also another example to show that the type of food impacts on the analysis time.   Their detection 

sensitivity could be reduced to 4 CFU mL-1  after pre-incubation. This indicates that the pre-

incubation could also help increase the detection sensitivity.  

 

 

FIGURE 14 The schematics represent GNP-based LFA for detection Escherichia coli O157:H7 and 

Salmonella boydii at one time. Reprinted with permission from Ref. (Song et al., 2016).  

Copyright©2016 Elsevier. 

 

 

 



 

 

FIGURE  15 The red colors present on the strip after testing with the samples containing Salmonella 

boydii, Escherichia coli O157:H7, and the mixture of S. boydii and E. coli O157:H7. Reprinted with 

permission from Ref. (Song et al., 2016).  Copyright©2016 Elsevier. 

 

In 2017,  Wang et al. (Wang et al, 2017) established  GNP-based LFAs (~15 nm GNPs) for 

multiple detection of twelve Listeria spp. With their technique, they could detect broadly cross-

reacted Listeria at a sensitivity of ~103-104 CFU mL-1. There was no cross-reaction between gram 

negative and gram positive bacterial strains. Spiked milk samples inoculated with 1-9 CFU mL-1 

Listeria were enriched for a further 8 h.  It is well known that P60 protein is expressed on the surface 

of Listeria. Therefore, the authors produced monoclonal antibody against the  P60 protein to detect 

this target protein.  Then, the samples were applied to their designed GNP-based LFAs that had 

monoclonal antibody of P60 (Listeria spp. specific protein). Eight strains of Listeria monocytogenes  

and four strains of Listeria spp. could be detected by using their technique.  This can be further 

developed to build an effective multiple detection platform of many foodborne pathogens. It will be 

obvious from the many examples provided above that the limit of detection varies radically between 

techniques. The situation  is summarized in Table 2.  

 

Testing simultaneously for multiple pathogens is obviously a very challenging scenario, yet if it can 

be done cost-effectively and efficiently there could be significant benefits to society. Unfortunately, 

however, given the enormous number of potential pathogens, it is an open question whether any test 

that is only developed for two or three specific pathogens can ever be widely applicable in the 

marketplace.  

 

 

 

 

 

 

 

 

 



TABLE 2 The limit of  detection for foodborne bacteria, for different techniques. 

 

 

 

 

 



6 CONCLUSIONS AND FUTURE PERSPECTIVES 

New rapid-assay techniques based on gold nanoparticles offer a potential improvement on 

conventional techniques for the detection of pathogens in food. In principle the new technologies can 

provide a shorter analysis time, higher sensitivity, better selectivity, easier operation, and the 

capability to detect multiple pathogen types simultaneously. This review has shown that the detection 

of single types of pathogens using gold nanoparticles is very promising and appears ready for wider 

deployment.  

 

There are, however, some issues that are holding back more wide-spread deployment of the GNP 

technology platform in the food industry. An important issue is the complicating influence of 

background microorganisms present in food, food matrices, food ingredients, and the physical food 

handling environment.  Another concern is that techniques for the simultaneous detection of multiple 

pathogens need more development. Therefore, before these simple detection tools can be launched 

into the market, careful pilot testing and validation is needed to avoid any unexpected false negative 

or positive results. 

 

Although a number of exciting technologies have been described above, it remains the case that there 

is no single ‘ideal’ solution to the problem of detecting pathogens in food. Broadly speaking the 

currently available methods suffer at one of the following disadvantages: 

• there is a delay while a culture is produced, and/or 

• the content of bacteria in the sample must first be enriched by some means, and/or 

• the method of detection is specific to one or two species of pathogen only, and/or 

• the methods require sophisticated equipment and personnel. 

Overall, however, the rapid progress of diagnostic tools based on gold nanoparticles suggests that they 

will soon make an important niche contribution to controlling foodborne diseases. 
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