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A B S T R A C T   

We have developed a rapid, inexpensive, colorimetric and easy to use method able to detect living bacterial 
pathogens of zoonotic and foodborne interest. The method is based on detection of bacterial nucleases which cut 
selectively oligonucleotide probes that are designed in a way to induce aggregation of oligonucleotide stabilised 
gold-nanoparticles. We present the standardization of our method to detect nucleases secreted by Gram-positive 
(Staphylococcus aureus) and Gram-negative (Salmonella spp.) pathogens, not only in five different matrixes of food 
samples experimentally contaminated but also in naturally contaminated foodstuffs. Our method has shown 
sensitivity/specificity, detecting nucleases in less than two hours in supernatants from bacterial cell culture (1 
CFU/mL) incubated for 15 h. The nucleases are detected by naked-eye inspection, and using minimal laboratory 
equipment. From a broader perspective, besides applications in foodstuff safety, we envision a potential use of 
our method to detect other bacterial and viral pathogens in the environment, and in veterinary and human 
health.   

1. Introduction 

Foodborne diseases create serious concerns in public health world
wide [1,2], particularly, considering the acceleration at which foodstuffs 
move through the production and distribution chain all around the 
world. The most relevant foodborne pathogen bacteria are Salmonella, 
Listeria, Campylobacter, as well as certain Staphylococcus aureus 
(S. aureus) and E. coli [1–4]. To control these bacteria is a priority not 
only for world health authorities but also for the global food industry, 
whose prime interest is to ensure the food safety of consumers. To 
achieve this, preventive approaches are currently applied, such as 
implementation of good hygiene practices and application of procedures 
based on hazard analysis and critical control point (HACCP) principles. 
In fact, the European Commission Regulation 2073/2005 lays down 

microbiological criteria for certain microorganisms and implementation 
rules to be complied by food business operators. Similarly, the Scientific 
Committee on Veterinary Measures relating to Public Health (SCVPH) 
recommends that microbiological criteria should be relevant and 
effective in relation to consumer’s health protection [5]. 

The methods presently available for detection of foodstuff pathogens 
involve well-standardised microbiological culture techniques that allow 
the isolation of the pathogen. These methods, however, suffer from low 
sensitivity and high cost; they are also time consuming, labour intensive 
and require well-trained personnel plus the readiness of biosafety fa
cilities. For example, detection of Salmonella i.e. one of the main food
borne pathogens worldwide, causing yearly 100,000 human cases in 
Europe [6,7] and 1.2 million estimated cases in the USA [8] is regulated 
by the standard ISO 6579:2002 technique [9] that allows the irrefutable 
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isolation of the pathogen. It has low sensitivity [10] and requires 
handling enriched cultures of the pathogen in six sequential steps, using 
different culture media and biochemical reagents, by a well-trained 
microbiologist and, at least, one week to isolate suspected colonies, as 
well as additional period for confirmation and typing in a reference 
laboratory. Such lengthy protocols hamper early detection of foodstuff 
contaminant pathogens, making urgent the availability of a rapid, 
cost-effective, sensitive, specific, and easy-to-use system able to detect 
live bacteria early on in the food chain, especially in those products with 
a short shelf-life. 

To meet the need for a new detection system, several approaches 
have been proposed that are based either on DNA amplification or on 
antigens immune-detection [11,12]. However, these bacterial molecules 
may remain in food even after sterilization, thus, leading to identify the 
foodstuff as contaminated when the pathogen is no longer alive. 
Recently, nucleases secreted by living microorganisms have become an 
emerging biomarker able to digest specific oligonucleotide fragments 
(oligoprobes) through cleaving phosphodiester bonds between nucleic 
acids [13]. Fluorescent assays have been developed for targeting mi
croorganisms, using chemically modified oligoprobes that undergo se
lective fragmentation in the presence of nucleases secreted by live 

bacteria [13–17]. These fluorescent-based methods have some in
conveniences, such as requiring: (i) oligoprobes carrying a fluorophore 
and quencher that make the detection cost-intensive; (ii) the use of 
special fluorometric equipment; (iii) be carried out by qualified training 
personnel; (iv) high cost. However, oligoprobes can be readily modified, 
offering an excellent potential technology for real-time analysis to detect 
live pathogens. 

Gold nanoparticles exhibit unique optical properties arising from 
localised surface plasmon resonance in the visible spectral range, 
rendering them a convenient colorimetric signal transducer that can be 
used to detect pathogens present in food, water, cleanrooms surfaces or 
environment [18–27]. These colorimetric systems have been used to 
detect DNA or bacterial antigenic determinants. To the best of our 
knowledge, however, the detection of bacterial nucleases by the com
bination of DNA technology and plasmonic nanoparticles remains 
without experimental demonstration [28–33]. 

In this paper, we report a new label-free colorimetric method for the 
detection of nucleases produced by live bacteria, using aggregating gold 
nanoparticles as an optical signal transducer. Our assay comprises an 
enzyme-susceptible oligonucleotide duplex probes that is degraded by 
bacterial nucleases, preventing the aggregation of DNA-stabilised gold 

Fig. 1. Schematic representation of the working principle of the colorimetric assay. (a) Nucleases produced by the pathogen recognise and degrade specific regions of 
the designed oligonucleotide probe (Linkers A&B), thus, preventing aggregation of Au@DNA. In absence of nucleases, oligonucleotide probes remain intact, 
aggregating Au@DNA; (b) Assay readout. left: absorbance values at different wavelength of the UV-Vis-NIR spectra of positive (red) and negative (blue) results; right: 
Dispersion degree (D = Abs530/Abs700 – dotted lines in left plot) obtained with positive (in red) and negative (in blue) samples, as a qualitative measure of sensor 
performance; (c) Architecture of components bind to the Au@DNA stabilised with 18-mer capture probes that are complementary to the exemplified Linker A-DNA 
and Linker B-2′OMe. Both linkers hybridise via the nuclease-specific region (marked in green). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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nanoparticles and conservation of initial red colour of the colloidal 
suspension (positive readout) (Fig. 1). In the absence of bacterial nu
cleases, nanoparticles aggregate, causing colour change from red to blue 
(negative readout). Key benefits are: it is rapid; cost-effective and easy- 
to-use. By rational design of the oligoprobe, our method is capable of 
detecting nucleases secreted either by a wide diversity of Salmonella 
species, including Salmonella enterica subspecies enterica serovar 
Typhimurium and serovar Enteritidis (S. Typhimurium and S. Enter
itidis, respectively, ahead) or by S. aureus. Both Gram-negative and 
Gram-negative types of pathogens were detected, not only under 
experimental conditions, but also in naturally contaminated food 
samples. 

2. Materials and methods 

2.1. Chemicals 

Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O) was pur
chased from Alfa Aesar (Thermo Fisher Scientific, Spain). Sodium 
dodecyl sulphate (SDS) 98%, sodium chloride (NaCl) 99.5%, and 
phosphate buffer (PB) 1 M, pH 7.4, were purchased from Sigma-Aldrich 
(Spain). Phosphate buffered saline (PBS) 0.01 M, pH 7.4, containing 
0.138 M NaCl and 2.7 mM KCl (Sigma-Aldrich) was used to mimic 
physiological conditions, either plain (PBS -/-) or supplemented with 
MgCl2 and CaCl2 (PBS +/+) (Gibco, Life Technologies, Spain). Luria 
Bertani (LB), Tryptic Soy Broth (TSB) and Buffered Peptone Water 
(BPW) culture media were purchased in Difco (Pronadisa, Spain). DNA 
sequences and thiolated-oligonucleotides were purchased from Biomers 
(Germany). 

2.2. Instrumentation 

UV-Vis-NIR spectra were measured at room temperature on a Jasco 
and Cary 3500 UV-Vis-NIR spectrophotometers, using UV Micro cu
vettes with 1 cm optical path length. Transmission electron microscopy 
(TEM) analysis was performed by JEOL JEM-1400 PLUS, operating at 

120 kV. Dynamic light scattering (DLS) measurements were carried out 
in a Malvern NanoSizer. A Veriti Thermal Cycler 60-well Applied Bio
systems was used for the incubation of the samples. Emission spectra 
were obtained by a Synergy Neo2 Multimode Reader Biotek. 

2.3. Synthesis of gold nanoparticles 

Following a seeded growth method [34], the synthesis of the Au 
seeds was performed with trisodium citrate solution (150 mL, 2.2 mM) 
heated for 15 min under vigorous stirring until boiling, followed by the 
injection of HAuCl4 (1 mL, 25 mM). In such conditions, the colour of the 
solution changed from yellow to bluish grey and then to light pink in 
10 min. Thereafter, the seeded growth process comprised cyclic addition 
of metal precursor and nanoparticles extraction, by cooling to 90 ºC and 
then adding HAuCl4 (1 mL, 25 mM) in two steps 30 min apart. After 
additional 30 min, 55 mL of the growth solution were removed and the 
remaining 98 mL were mixed with water (53 mL) and sodium citrate 
(2 mL, 60 mM). This process was repeated 2 times to obtain nano
particles of ≈ 26 nm gold core diameter. 

18-mer DNA functionalisation of gold nanoparticles by Hurst et al. 
[35]. An excess of thiolated oligonucleotides (DNA A or DNA B, Table 1, 
0.1 mM) was added to the gold nanoparticles colloid (5.55 mL) con
taining SDS 0.1% and PB 0.01 M, followed by the incubation at room 
temperature for 20 min. To improve the oligonucleotide binding, a salt 
aging process was carried out by sequential addition of 25 µL, 25 µL, 
75 µL, 125 µL and 250 µL of a solution containing NaCl 2 M, SDS 0.01% 
and PB 0.01 M, up to reach a final concentration of NaCl 0.2 M. Each salt 
aging step was sonicated (10 s) and incubated (20 min), and the last one 
was incubated for 12 h, at 25 ºC. To remove the excess of oligonucleo
tides, the solutions were centrifuged (7000 rpm, 30 min) and 
re-dispersed in 3 mL of SDS 0.01%. This step was repeated for three 
times. The final concentration of Au@DNA-A and Au@DNA-B nano
particles was 0.8 mM in terms of Au atoms for all samples. 

2.4. Characterization of gold nanoparticles 

As-prepared and functionalised Au@DNA nanoparticles were char
acterised by TEM and DLS. For TEM, 50 µL of nanoparticles were drop 
casted onto copper grid placed on filter paper and left for drying. The 
average metal core diameter was determined by measuring > 100 
nanoparticles on TEM micrographs. The hydrodynamic diameter of the 
Au@DNA nanoparticles was determined by 6 measurements of DLS with 
5 runs of 5 s each. The study was carried out at 25 ºC with 120 s of 
sample equilibration. 

2.5. Standardisation of UV-Vis-NIR spectral readouts 

We compared the naked eye colour of the Au@DNA positive and 
negative results with respect to the UV-Vis-NIR spectral readouts, 
concluding that dispersion degree values of D ≥ 5 allowed for detection 
of bacterial nucleases. While the lower limit fell in the range of 1.8–2.1 D 
values, the upper limit was around D values of 10–15, being the latter 
sensitive to the monodispersity of the Au@DNA nanoparticles, indi
cating that the better the quality of nanoparticles, the higher the D 
values in presence of nucleases. 

2.6. Preparation of bacterial supernatants for nuclease assay 

Bacterial supernatants were obtained by LB culturing (37 ºC, over
night, under shaking at 200 rpm) and centrifugation (6000 g, 20 min, 
4 ºC). For biosecurity purposes, each supernatant was removed, filtered 
in a 0.2 mm Millipore® (Sarsted) and kept sterile at 4 ºC until its use. To 
confirm the absence of bacteria, 100 µL of each filtrate were plated on 
TSA (37 ºC, 48 h). 

Table 1 
Oligonucleotide sequences analysed in the present study.  

Name Oligonucleotide Sequence (5′ to 3′) 

Oligonucleotides conjugated on nanoparticles: 
DNA A* SH-Spacer18-AAC-GAC-TCA-TAT-TAA-CAA 
DNA B* SH-Spacer18-TAG-TCT-CAT-TTA-TGC-TAT 
Oligonucleotides for NP-based nuclease assay: 
Linker A- 

DNAa 
GTA-AGT-AGT-AGA-TTG-TTA-ATA-TGA-GTC-GTT 

Linker A-RNA GUA-AGU-AGU-AGA-UUG-UUA-AUA-UGA-GUC-GUU 
Linker A- 

2′OMe 
mGmUmA-mAmGmU-mAmGmU-mAmGmA-mUmUmG- 
mUmUmA-mAmUmA-mUmGmA-mGmUmC-mGmUmU 

Linker B-DNA TCT-ACT-ACT-TAC-ATA-GCA-TAA-ATG-AGA-CTA 
Linker B-RNA UCU-ACU-ACU-UAC-AUA-GCA-UAA-AUG-AGA-CUA 
Linker B- 

2′OMea 
mUmCmU-mAmCmU-mAmCmU-mUmAmC-mAmUmA-mGmCmA- 
mUmAmA-mAmUmG-mAmGmA-mCmUmA 

Linker C-DNA GCA-AGC-AGC-AGA-TTG-TTA-ATA-TGA-GTC-GTT 
Linker C- 

RNAb 
GCA-AGC-AGC-AGA-UUG-UUA-AUA-UGA-GUC-GUU 

Linker D- 
2′OMeb 

mUmCmU-mGmCmU-mGmCmU-mUmGmC-mAmUmA-mGmCmA- 
mUmAmA-mAmUmG-mAmGmA-mCmUmA 

Linker E-DNA GAA-AGC-AGG-AGA-TTG-TTA-ATA-TGA-GTC-GTT 
Linker E-RNA GAA-AGC-AGG-AGA-UUG-UUA-AUA-UGA-GUC-GUU 
Linker F- 

2′OMe 
mUmCmU-mCmCmU-mGmCmU-mUmUmC-mAmUmA-mGmCmA- 
mUmAmA-mAmUmG-mAmGmA-mCmUmA 

Oligonucleotides for fluorescence-based nuclease assay: 
FAM 6-FAM-dGdGdG-rUrUrU-3′DABCYL  

* Sequences modified at the 5′-end with a thiol group followed by a poly- 
ethylene-glycol spacer followed by the nucleotide sequence (SH-Spacer18- 
nucleotide sequence). 

a Linkers eventually selected for S. aureus detection; 
b Linkers eventually selected for Salmonella spp. detection. 
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2.7. Bacterial growth curves 

S. aureus and Salmonella spp. stocks were cultured (37 ºC, 24 h) in LA 
plates and, then, harvested and adjusted by spectrophotometry 
(OD600nm = 0.160) to 1 × 108 CFU/mL in BPW. Eight serial ten-fold 
dilutions from this suspension were prepared and those corresponding 
to 1, 10, 100 or 1000 CFU/mL were used for different experiments. The 
bacterial growth curves of each bacterial suspension were determined at 
0, 2, 4, 6, 8, 10, 12, 24 and 48 h after incubation at 37 ºC, by the number 
of CFU/mL (i.e. serial dilutions in BPW, triplicate plating and incubation 
of plates 24 h, 37 ºC) at each selected time point. The individual number 
of CFU/mL was logarithmically transformed and the results were 
expressed as the log10 CFU/mL. 

2.8. Colorimetric detection of nucleases in bacterial supernatants 

An aliquot of bacterial supernatant (35 µL) was combined with both 
linkers (3 µL, 1 µM) in sterile PCR tubes (0.5 mL) to give total volume of 
41 µL. The mixture was placed in thermal cycler at 37 ºC for 60 min. 
After completing the exposition step, BPC water (32 µL), both types of 
Au@DNA (12.5 µL of each batch) and NaCl (2 µL, 5 M) were added 
sequentially. The mixture was left undisturbed at 25 ºC for 30 min fol
lowed by naked-eye inspection and characterisation by UV–Vis–NIR. 

2.9. Salt titration experiment in nuclease-free conditions 

An aliquot of each linker (1 µL, 10 µM) was diluted 1:10 with PBS 
(+/+) up to final volume of 10 µL, which were mixed with 225 µL milli- 
Q water plus 50 µL of batch DNA-A and 50 µL of DNA-B (Table 1) and 
NaCl 5 M, in order to reach a final salt concentration ranging from 0 to 
0.42 M, in a 0.07 M interval. This solution was incubated for 30 min and 
then characterised by UV–Vis–NIR. The optimal salt concentration was 

determined as that onset a dispersion degree value ≈ 2. 

2.10. Determination of the optimal exposition time between nucleases and 
linkers 

Supernatants of 10–103 CFU/mL S. Typhimurium ATCC 14028 were 
obtained after different incubation intervals from 0 to 48 h and exposed 
to pair linkers for 30 and 60 min of exposition time. Each mixture was 
then combined with both batches of Au@DNA nanoparticles (DNA-A 
and DNA-B, see Table 1), at 0.21 M NaCl. After 30 min of Au@DNA 
aggregation, the readouts of dispersion degree were measured and 
graphically represented by colours indicating the gradient of positivity 
from blue to red (threshold D=5). 

2.11. Estimation of the Limit of Detection (LOD) of nucleases by the 
colorimetric method 

Aliquots of commercial S7 micrococcal nuclease (Sigma-Aldrich) and 
of concentrations ranging from 0 to 75 µUI/µL were incubated with 
Linker A-DNA and Linker B-2′OMe (Table 1) for 20 min. Thereafter, 
50 µL of each Au@DNA nanoparticles were diluted in 225 µL milli-Q 
water and 25 µL of NaCl 5 M. The LOD was determined by the regres
sion line and the formula LOD = 3 SD /a, where SD was the standard 
deviation and a was the mean value of the blank PBS sample. 

2.12. Growth curves of S. aureus and Salmonella spp. in food samples 

Samples of cheese, chicken, lettuce, omelette and potato salad were 
experimentally inoculated with 103 CFU/mL of S. aureus or S. Typhi
murium in BPW homogenates (1:10). Contaminated food samples were 
incubated at 37 ◦C and viable bacteria (UFC/mL) were collected at 0, 4, 
8, 14, 18 and 24 h post-incubation. Aliquots of each suspension were 

Fig. 2. Coarse screening of different combina
tion of linkers A and B. Bacterial supernatants 
from (a) Staphylococcus aureus, (b) Salmonella 
Typhimurium, (c) Salmonella Enteritidis, and 
(d) Escherichia coli (strains Sa1, STM1, SE1 and 
NS1, respectively, of Tables S1 and S2) were 
mixed with different duplex combinations of 
2′OMe, DNA and RNA linkers A and B. For each 
duplex are shown the values of dispersion de
gree and color-coded readout: positive in red 
for D≥ 5). Shaded circles indicate the best- 
performing linkers combination selected for 
further experiments with each pathogen. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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filtered and kept at 4 ◦C until its use to determine the presence of nu
cleases (see above). 

2.13. Fluorescence-based nuclease assay 

Fluorescent probe comprised 5′ carboxy fluorescein (6-FAM) and a 3′

4-(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL) that 
quenched FAM fluorescence. The fluorescein and DABCYL units were 
separated by six nucleotides susceptible to nucleases, and contained 
three deoxyribonucleotides and three ribonucleotides (Table 1). To 
detect the presence of nucleases bacterial supernatant (90 µL) and 
fluorescence probe (10 µL, final concentration 1 µM). The emission 
spectra were recorded for 100 min in 60 s interval. In all measurements 
the excitation and emission wavelengths were fixed to 490, 518 nm, 
respectively, and applying gain of 90. 

3. Results and discussion 

3.1. Optimal conditions standardisation 

The working principle of our diagnostic method is based on the ag
gregation of two types of DNA-stabilised gold nanoparticles coated by 
18-mer DNA probes (DNA-A and DNA-B, Table 1) through sandwich- 
type hybridisation with DNA or RNA duplex linkers (Fig. 1c). In a 

typical detection event, first the duplex linkers are exposed to the su
pernatant of a microbial culture (30 min of exposition time, at 37 ºC), 
followed by the addition of the two types of Au@DNA nanoparticles 
(Fig. 1); if the supernatant contains the specific nuclease, the probe 
undergoes fragmentation, impeding the Au@DNA aggregation (positive 
reaction, Fig. 1b). In absence of the nuclease, the intact probe built by 
the duplex linkers joints Au@DNA leading to aggregation over 20 min of 
readout time (negative outcome). Importantly, a naked eye inspection 
by an untrained person suffices for the valid readout of our assay. To 
quantify the performance of the assay we analysed UV-Vis-NIR spectra 
of the solutions 20–30 min after the addition of Au@DNA nanoparticles, 
by expressing a unitless value of dispersion degree, D = Abs530/Abs700 
(Fig. 1b). A threshold of D ≥ 5 was assigned for a positive outcome. 

As an optical signal transducer, we used two batches of gold nano
particles (26.6 ± 3.3 nm) functionalized with 18-mer DNA capture 
probes (Table 1). The hydrodynamic diameters of Au@DNA-A and 
Au@DNA-B was 52.2 ± 0.6 nm and 50.9 ± 0.6 nm, respectively 
(Fig. S1). 

The duplex linkers (probe) contained a total of 30 bases of which 12 
were complementary one to each other, and the remaining 18 bases 
were complementary to capture probes stabilizing Au@DNA. As a coarse 
screening of probe susceptibility to nucleases, we used DNA, RNA and 2′- 
O-Methyl (2′OMe) modified sequences (Table 1). 

We evaluated all possible combinations of the designed Linkers A 

Fig. 3. Selective discrimination of S. aureus and Salmonella spp. from other bacteria nucleases by using our assay. The duplex linker comprising Linker A-DNA and 
Linker B-2′OMe allowed the specific detection of (a,b) S. aureus strains, discriminating it from (c) S. epidermidis and (a) Non-Staphylococcal bacteria (SE1-SE7 and 
NS1-NS18 of Table S1, respectively). The duplex linker comprising Linker C-RNA and Linker D-2′OMe allowed the specific detection of (e) S. Typhimurium, (f) S. 
Enteritidis, as well as (g) other 50 Salmonella enterica subspecies and serovars (Table S2), discriminating them from (d) Non-Salmonella bacteria (Sa12-Sa14 and NS1- 
NS18 of Table S1). Each bar represents the dispersion degree value (threshold at D = 5) and is accompanied by a naked eye digital image of a plastic-well containing 
the assay mixture. 
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and B described in Table 1, against three different bacterial culture su
pernatants (i.e., S. aureus, S. Typhimurium, S. Enteritidis) giving 9 
different combinations for each supernatant. Sterile LB and E. coli broth 
cultures were used as blank and negative controls, respectively. Fig. 2 
displays the values of dispersion degrees (D values), highlighting from 
negative (blue) to positive (red) readouts. Overall, the presence of DNA 
oligonucleotides showed clear preferences to detect S. aureus nucleases, 
while linkers comprising RNA oligonucleotides showed preference to 
detect S. Typhimurium and S. Enteritidis nucleases. These results are in 
agreement with previous works in which DNA probes were degraded by 
a S. aureus micrococcal nuclease [14] while RNA probes were degraded 
by RNases in Salmonella supernatants [13]. 

To investigate the effect of the linker sequence on assay performance 
we altered the sequence of the linkers (shaded circles in Fig. 2), main
taining the type of nucleic acid: DNA, RNA or 2′OMe. The three first 
thymines of Linker A-DNA were substituted by three cytosines, leading 
to Linker C sequence. Two cytosines in Linker C were substituted by an 
adenine and a guanine, leading to Linker E (see Table 1 for full sequence 
composition). These modifications in Linkers C and E sequences were 
associated with changes in the complementary sequences, leading to 
Linkers D and F, respectively. We observed that altered sequences 
maintained similar selectivity toward nucleases from both S. aureus 
(Fig. S2a) and S. Enteritidis or S. Typhimurium (Fig. S2b), indicating 
that the bacterial nucleases activity was susceptible to the oligonucle
otide modification rather than to their sequence. Accordingly, for 
further experiments, we selected the following pairwise probe compo
sition: duplex linkers A-DNA and B-2′OMe for S. aureus; and duplex 
linkers C-RNA and Linker D-2′OMe for Salmonella spp. (Table 1). 

Since DNA-driven aggregation of nanoparticles is salt-dependent, the 
sensor requires the use of an optimal NaCl concentration. At low NaCl 
concentrations, the duplex linker is unable to aggregate nanoparticles, 
leading to a positive readout regardless of the presence of nucleases in 
the solution; and, oppositely, non-specific aggregation of nanoparticles 
can occur at too high NaCl concentration (>0.5 M) leading to a false 
negative outcome. We performed a salt titration experiment in nuclease- 
free conditions, using both types of Au@DNA and the duplex linkers 
specific to detect S. aureus or Salmonella described in Table 1. As result, 
we determined that ranges from 0.2 to 0.3 M of NaCl were optimal 
(Fig. S3). Note that Salmonella probes containing RNA and 2′OMe 
Linkers C & D required lower amount of salt than S. aureus probes, 
suggesting that RNA sequence was more sensitive to charge screening as 
compared to DNA. 

To determine the optimal exposition time (i.e. minimum time for 
enzyme-driven linkers fragmentation) we exposed Linker C and Linker D 
for 30 and 60 min with supernatants obtained after incubation intervals 
from 0 to 48 h for different S. Typhimurium concentrations (i.e. 1–10, 
10–100 and 100–1000 CFU/mL). Regardless of the exposition times (30 
or 60 min), the assay tested positive for all supernatants obtained at the 
incubation times above 18 h (Fig. S4). At 60 min-exposition, the method 
also allowed the detection of nucleases in supernatants obtained after 
12–14 h of incubation from the highest bacterial concentration (103 

CFU/mL). For the sake of practicality and to shorten the operation time 
of the assay we fixed the exposition time to 30 min, considering also that 
24 h of bacterial incubation to obtain the supernatants are more prac
tical than of 12–18 h periods for conventional labour journeys. 

3.2. Specificity of the method 

Next, we tested the specificity of the colloidal assay developed for 
S. aureus and Salmonella spp. by using supernatants from 25 non- 
S. aureus and non-Salmonella strains of 14 different bacterial genera 
(Table S1), as frequent food contaminants. The probe comprising Linker 
A-DNA and Linker B-2′OMe gave 100% specificity, leading to a positive 
readout only for S. aureus (Fig. 3a). The same probe showed specificity 
toward 11 other strains of S. aureus (Fig. 3b) and negative results for 7 
strains of S. epidermidis (Fig. 3c). Similarly, strains STM1 and SE1 of S. 

Typhimurium and S. Enteritidis, respectively, were specifically detected 
by this method (Fig. 3d) as well as other 7 different S. Typhimurium and 
S. Enteritidis strains (Fig. 3e, f), using the probe comprising Linker C- 
RNA and Linker D-2′OMe. The same linker combination was used for the 
detection of 4 subspecies and 50 different serovars of Salmonella 
(Table S2). As shown in Fig. 3g, only 4 serovars of minor epidemiolog
ical relevance, i.e. S. Coeln, S. Wien, S. Amsterdam and 6,7:-:1,5 (strains 
S6, S12, S46 and S47, respectively; Table S2) gave negative results. 

Noteworthy, we found that a probe containing 2′OMe modification 
in both linkers gave negative outcome for all the samples tested 
(Fig. S5), suggesting such linker combination as a negative control for 
practical purposes. Overall, these results show that our method allows a 
fast colorimetric detection of bacterial nucleases in less than 1 h, 
without using specialised equipment. 

3.3. Effect of bacteria incubation time 

Since our assay detects nucleases as a bacterial biomarker rather than 
the whole bacteria, it was critical to define the minimum incubation 
interval required to obtain detectable secreted nucleases yielding 

Fig. 4. S. Typhimurium bacterial growth curves in BPW and detection of nu
cleases through plasmonic and fluorescence assays. Red curves: number of 
viable bacteria (log10 CFU/mL), obtained by serial dilutions and plating of 
suspensions of S. Typhimurium ATCC 14028 ranging from 103 to 100 CFU/mL 
(a-d) in BPW (37 ºC) at the selected intervals of the incubation. Blue and grey 
curves: Detection of nucleases in the supernatants at a given CFU/mL and in
cubation time using plasmonic (blue) and fluorescence assay (grey). Dotted 
vertical lines represent the threshold of positivity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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positive readouts. Thus, we tested the presence of bacterial nucleases in 
supernatants of 103 to < 10 CFU/mL of S. Typhimurium over the time 
interval ranging from 0 to 24 h (Fig. 4). Nucleases were detected at 10 h 
of incubation in supernatants containing at least 1000 CFU/mL (Fig. 4a). 
Decreasing the CFU/mL shifted the detection threshold towards longer 
incubation time (dashed vertical lines in Fig. 4a-d). To put in context the 
performance of the plasmonic sensor we evaluated the presence of nu
cleases for each incubation time using fluorescence-based assay that we 
have reported recently [13]. As expected, the transition from negative to 
positive readout falls at the same bacteria incubation interval for both 
type of sensors (blue-plasmonic assay and grey-fluorescence assay), 
indicating the optical readout based on aggregation of nanoparticles is a 
promising strategy for novel colorimetric sensors. Interestingly, the 
transition threshold from negative to positive readout for both sensors 
falls at the transition from log to stationary phase of bacterial colony, 
indicating that nucleases secretion is related to the phase state of a given 
bacterial colony. 

To assess whether nucleases could be detected without bacterial in
cubation, as previously proposed [13], we checked nanoparticles ag
gregation for increasing concentrations from 101 to 108 CFU/mL of the 
S. aureus or S. Typhimurium prepared in BPW. As result, all the inocula 
showed negative results (Fig. S6), suggesting the necessity of an incu
bation to allow accumulation of detectable nucleases in the medium. 

We estimated the nucleases limit of detection (LOD) of the method, 
by a standard calibration curve with a commercial S. aureus micrococcal 
nuclease. As result, we determined that the method can detect 12.7 µUI/ 
µL, which was equivalent to a D = 1.8 (Fig. S7). This LOD was much 
lower than the qualitative colorimetric limit (D = 5). 

3.4. Nuclease detection in spiked and naturally-contaminated food 
samples 

3.4.1. Spiked food samples 
The popularity of ready-to-eat products, not requiring additional 

preparation prior to consumption, has increased substantially in recent 
years. In order to assess the utility of our detection method on real 
samples, we tested ready-to-eat spiked food samples (chicken, lettuce, 
omelette, potato salad and cottage cheese) by injecting ≈ 103 CFU/mL 

of S. aureus, S. Typhimurium and S. Enteritidis. The supernatants were 
collected at different incubation times (i.e., 0, 4, 8, 14, 18, and 24 h, at 
37 ºC). Interestingly, we observed that the incubation time required for 
the assay depends on the type of food and the pathogen. For S. aureus, 
the spiked food samples of cheese, chicken and lettuce showed nucleases 
at shorter incubation times (4 and 14 h) than omelette (24 h), while in 
potato salad no nucleases were detected over the entire incubation time 
(Fig. 5a). On the other hand, S. Typhimurium and S. Enteritidis were 
detected in cheese and potato salad samples as soon as at 4 h post- 
incubation, while 8, 14 and 18–24 h were required to detect these 
pathogens in omelette, lettuce, and chicken samples, respectively 
(Figs. 5b and 5c). Differences of positive readouts for different food 
samples regarding the incubation times seemed to stem from the type of 
nutrients influencing the bacterial growth, nucleases activity and/or 
nucleases persistence, hence, affecting the final concentration of 
nucleases. 

3.4.2. Naturally-contaminated food samples 
To demonstrate the utility of our assay in real-work conditions, we 

determined the presence of nucleases in four commercially-available 

Fig. 5. Detection of bacterial nucleases at different incubation intervals in food samples spiked with S. aureus, S. Typhimurium or S. Enteritidis. Ready-to-eat 
products such as cheese, chicken, lettuce, omelette or potato salad samples (abscissas axis) were contaminated with 103 CFU of strains (a) S. aureus 1, (b) S. 
Typhimurium ATCC 14028 or (c) S. Enteritidis ATCC 49214, using BPW as control; the supernatants were obtained at 0, 4, 8, 14, 18 and 24 h post-incubation at 37 ºC 
(ordinates axis), sterilised by filtration and mixed with the duplex linkers composed by (a) Linker A-DNA and Linker B-2′OMe or (b-c) Linker C-RNA and Linker D- 
2′OMe. Results are expressed as the dispersion degree value (threshold of positivity at D > 5). 

Fig. 6. Detection of S. aureus nucleases in commercially-available products. 
S. aureus nucleases were detected in one duck sample naturally contaminated 
with the pathogen. Bread dough and pancake products resulted naturally 
contaminated with S. epidermidis. 
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food samples (bread dough, duck and one sample of pancake) that were 
detected as positive to Staphylococcus spp. at the Spanish National 
Centre of Food Technology (CNTA) using the VIDAS® method (Bio
merieux). The samples were processed in a double-blind experiment, 
revealing the presence of S. aureus nucleases in duck product (Fig. 6). 
The retrospective assessment at the Spanish National Reference Centre 
Instituto de Salud Carlos III confirmed that the duck sample was indeed 
the only one contaminated by S. aureus, while the rest of samples con
tained Staphylococcus epidermidis. 

4. Conclusions 

We showed a fast, colorimetric assay able to detect bacterial nucle
ases by using aggregating nanoparticles as optical signal transducer. In 
presence of the living pathogen producing the specific nuclease, the 
probe comprising two complementary oligonucleotide linkers suffers 
fragmentation, preventing aggregation of nanoparticles, thereby giving 
a red colour of the solution as a positive outcome. We demonstrated the 
performance of our assay for nucleases secreted from S. aureus, S. 
Typhimurium and S. Enteritidis, at a LOD of 1 CFU/mL and 12 µUI/µL of 
nucleases. We could detect nucleases in both experimentally and natu
rally contaminated food samples, by naked-eye inspection, in less than 
two hours. 

Our method lays the practical foundation for a nuclease-related test 
in food samples of many types. A single test’s estimated cost of our 
method is more cost efficient than the current techniques available. 
Also, since the execution of above-described experiments requires 
minimal laboratory equipment (i.e. a micropipette and a thermostat), a 
parallelized testing through automation can be easily implemented. 
Lastly, techniques currently used in food-safety national centres are 
designed by a manufacturer to detect specific pathogens. Our method, 
by featuring a modular character of oligonucleotide probe architecture, 
offers on-site optimisation of sensor selectivity and specificity through 
the right combination of linker length, composition, and chemical 
modifications. 

From a broader perspective, we envision that our method, apart from 
the relevance in food safety-related sector, has the potential to be 
implemented in other fields such as human and veterinary diagnosis of 
different bacterial and viral infectious diseases, including COVID-19. 
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