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Nitrite is a common food additive, however, its reduction product, nitrosamine, is a strong carcinogen, and
hence the ultra-sensitive detection of nitrite is an effective means to prevent related cancers. In this study,
different sized gold nanoparticles (AuNPs) were modified with P-aminothiophenol (ATP) and
naphthylethylenediamine (NED). In the presence of nitrite, satellite-like AUNPs aggregates formed via the
diazotization coupling reaction and the color of the system was changed by the functionalized AuNPs
aggregates. The carcinogenic nitrite content could be detected by colorimetry according to the change in
the system color. The linear concentration range of sodium nitrite was 0-1.0 pg mL™* and the detection
limit was determined to be 3.0 ng mL™%. Compared with the traditional method, this method has the
advantages of high sensitivity, low detection limit, good selectivity and can significantly lower the naked-eye
detection limit to 3.0 ng mL™™ In addition, this method is suitable for the determination of nitrite in various

rsc.li/rsc-advances

1. Introduction

Cancer is a symptom of normal somatic cells mutating into
infinitely increasing cancer cells and is one of the main
diseases threatening public health and lives at present.* The
high mortality rate of cancer is mainly due to the fact that
cancer is difficult to detect, especially in the early stage
considered as the best window-period for treatment, and
cancer prevention is the most effective means to defeat it at
this stage.” However, at present, it is confirmed usually in the
middle or late stages of cancer, leading to irreparable
damage. Due to the unique physicochemical properties of
nanomaterials, nanosensors show great potential in
biomedical applications, and the surface plasmon resonance
of AuNPs has been widely used in colorimetric detection.
Nitrite is a very common food additive,®> added into
sausages, jams, meat emulsions and other foods at different
dosages, mainly as colouring agents and preservatives.
Nitrite inhibits many harmful microorganisms, especially
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foods. We think this novel designed highly sensitive nitrate nanosensor holds great market potential.

clostridium botulinum. Nitrite can be used as an antioxidant
to reduce food oxidation caused by light, heat, oxygen,
microorganisms and other factors during processing and
storage and it can reduce the harmful flavour and toxic
substances produced in the process of oxidation. However,
in recent years, the illegal addition of nitrite in foods and its
high carcinogenicity has been exposed more and more, and
the high carcinogenicity of nitrite*"®* has made us recognize
the necessity and urgency of ultra-sensitive detection of
nitrite.”®* Nitrite is a highly toxic substance; its adult
poisoning dose is 0.2-0.5 g and the lethal dose is 3.0 g. Under
stomach acid conditions, nitrite can react with secondary
amines, tertiary amines and amides in foods to form the
strong carcinogen N-nitrosamine. Normal oxygen-carrying
haemoglobin in blood can be oxidized to methaemoglobin
by nitrite, losing the oxygen carrying capacity and causing
hypoxia.® In addition, nitrosamines can enter a foetus
through the placenta, which has a stagnating effect on the
foetus development; infants under 6 months of age are
particularly sensitive to nitrite. Clinical symptoms of meth-
aemoglobin in children are caused by eating foods with high
concentrations of nitrite and the resulting symptoms are
hypoxia, purpura, or even death.*

The nitrite detection methods at present mainly include
spectroscopy,*™* chromatography*™° and electrochemical
methods.>*** The spectroscopic methods include ultraviolet-
visible (UV-vis) spectrophotometry, phenol spectrophotom-
etry, flow injection spectrophotometry, and coefficient
compensation dual wavelength spectrophotometry; the
current detection range of nitrite is 0-1.2 ¢ mL™" and the

This journal is © The Royal Society of Chemistry 2019
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detection limit is 0.01 pg mL '.**** Chromatography
methods mainly include high performance liquid chroma-
tography (HPLC), ion chromatography (IC) and gas chroma-
tography (GC) with detection limits of 0.025 ug mL™", 0.015
pug mL~' and 0.609 mg kg ', respectively. The electro-
chemical methods include polarography, nitrate electrode
method and capillary electrophoresis with a detection limit
of 0.8 pg mL™".2?* Sakthinathan et al. prepared a novel and
selective nitrite sensor based on the non-covalent interac-
tions of a Schiff base copper complex, using a RGO/[Cu(sal-
ala)(phen)] modified glass carbon electrode to determine
the nitrite content, and the detection limit reached 19 nM.**
With the development of nanotechnology, nanoparticles
were used to modify the electrode. Tamizhdurai et al
synthesized CeO, nanoparticles by an environmentally
friendly method and used modified glassy carbon electrode
(GCE) with CeO, NPs for the detection of nitrite with a low
limit of detection (0.21 uM).>® Weston et al. developed novel
sulfanilamide and naphthylethylenediamine functionalized
AuNPs with nitrite-reactive groups that take advantage of
their optical properties and can be used to colorimetrically
detect nitrite or nitrate ions at a nitrite concentration
between 22 and 30 uM.*® In addition, citric acid, p-amino-
benzenesulfonamide and N-(1-naphthyl)ethylenediamine
hydrochloride have been used as chromogenic agents in
a rapid nitrite detection paper-chip device with colorimetric
detection; the detection limit was 5 pg mL~*.%”
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In our lab, we found that the chromogenic reaction of ATP
modified AuNPs with nitrite and NED was much more obvious
than with ATP alone. Therefore, in this study, we designed
satellite-like nanostructures, in which different-sized AuNPs were
respectively modified with ATP and NED.”® In the presence of
nitrite, numerous smaller AuNPs were conjugated to the larger
AuNPs and formed satellite-like aggregates via a diazotization
coupling reaction. The colour change showed a linear correlation
to the nitrite concentration and the naked-eye detection limit
reduced to 5 ng mL™", which is much lower than the interna-
tional safety standard limit of nitrite (4 ug mL~").2>3

2. Experimental section

2.1. Chemicals and equipment

Hydrated chloroauric acid (HAuCl,-4H,0) was purchased from
Alfa Aesar. ATP, NED, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), and sodium citrate were purchased from
Tokyo Chemical Industry (TCI). Potassium ferrocyanide and
zinc acetate were purchased from Macklin. Absolute ethanol
was purchased from Sinopharm Chemical Reagent Co., Ltd
(SCRC). All reagents were used directly without further purifi-
cation. The food materials used in the experiments were
purchased randomly. Both UV-vis spectrophotometer (U-2900,
Hitachi) and multi-function microplate reader (Super Max-
3100, Shanghai Flash) were used for absorbance measure-
ments and monitoring. The hydrodynamic size and { potential
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Fig. 2 Characterization of ATP-AuNPs. (A) The absorption was monitored at 567 nm for citrate-protected AuNPs etched by ATP at different
concentrations. The inset cartoons represent the changing of ATP ligand numbers capped on AuNPs. (B) The zeta potential ({) change before and
after ATP conjugation to AuNPs. (C) The hydrodynamic size change before and after ATP conjugation to AuNPs. (D) UV absorption and colour

change (inset) before and after ATP conjugation to AuNPs.

were determined by a dynamic light scattering (DLS) equipment
(Zetasizer, ZS90, Malvern).

2.2. AuNPs preparation

Sodium citrate reduction method: 17 mg of HAuCl,-4H,0
was dissolved in 50 mL deionized water; then the solution
was refluxed for 10 min and the colour became pale yellow.
78 mg of sodium citrate was dissolved in 5 mL of deionized
water; the sodium citrate solution was pre-warmed to 60-
70 °C and was then quickly added to the hydrated chloroauric
acid solution. The mixture was refluxed for 20 min and its
colour changed from yellow to colourless, gradually deep-
ening to bright dark red. The reacted solution was cooled to
room temperature (RT), the pH value of the solution was
adjusted to 7.0, the solution was filtered twice by 0.45 pm
membrane filter, and the collected AuNPs were kept at RT for
later use. The average size of the obtained AuNPs is about
17.0 nm and the concentration was determined to be about
10~® M by the Beer-Lambert law.

10 mL of glutathione (GSH, 0.01 M) was added to 10 mL
HAuCl, solution (0.01 M) and stirred for 30 min; then, the
mixture was added into 1 mL sodium borohydride (0.1 M)
solution and stirred for another 2 h. The mixture was filtered
twice by 0.45 pm membrane filter and the collected AuNPs
were kept at RT for later use. The average size of GSH
modified AuNPs (G-AuNPs) was ~10.0 nm and the concen-
tration was determined to be 10°7 M by the Bouguer-

17700 | RSC Adv., 2019, 9, 17698-17705

Lambert-Beer law: A = ¢ x ¢ x [,>**® where A is the absor-
bance value, ¢ is the extinction coefficient and [ is the path
length of the light passing through the sample (cm). For
AuNPs with 10 nm diameter, €559 nm = 1.37 X 105 M~ em ™.

2.3. The functionalization of AuNPs

Modification of ATP: (i) 15 nm AuNP solution was mixed with
15 mM ATP in ethanol solution at a volume ratio of 9 : 1; the pH
value of the mixture was adjusted to 3.0, and it was stirred for
3 h at 70 °C. The solution colour changed from pink to col-
ourless and the resulting AuNPs were labelled as ATP-AuNPs.
During this process, the colour, particle size and surface
potential of AuNPs varied significantly. (ii) 10 mL of G-AuNPs
were thoroughly mixed with 10 mL NED (20 mM) in sodium
borate buffer (50 mM, pH 9.0, hereafter abbreviated as SB9) and
10 mL of EDC (1.0 M) and reacted at RT for 2 h. After reacting,
the AuNPs were purified using ultrafiltration filters. NED
concentration conjugated to G-AuNPs was determined to be
0.21 mM and the resulting AuNPs were labelled as NG-AuNPs.

2.4. Preparation of sodium nitrite standard solution

Accurately weighed 10 mg sodium nitrite was dissolved in
50 mL deionized water; the concentration of this solution was
200 pg mL ™" and was used as sodium nitrite mother liquor. The
solution was diluted to prepare 0.005, 0.01, 0.05, 0.1, 0.2, 0.5,
1.0, 3.0, 5.0, 10, 15, 20 and 25 pg mL~ " standard solutions.

This journal is © The Royal Society of Chemistry 2019
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2.5. Preparation of food extracted sample solutions

0.25 g samples taken from bread, milk, pork luncheon meat, ham,
and spicy cabbage were crushed into pulp and then soaked in
a 25 mL aqueous solution with 30 min sonication. After centrifu-
gation, 5 mL of the supernatant was taken and mixed with 200 pL
of potassium ferrocyanide solution (10° ¢ L") and 0.5 mL of zinc
acetate solution (220 g L™ ") with vigorous stirring for 5-10 min.
Finally, the extracted aqueous samples were obtained by filtration
and stored in a refrigerator at —4 °C for later detection. The orig-
inal nitrite concentrations of these samples were calculated by
multiplying by 100.
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3. Results and discussion

Our reaction scheme (Fig. 1) was designed as follows: the
diazotization reaction happens between ATP-AuNPs and NO, ™~
under acidic conditions; then ATP-AuNPs react with NG-AuNPs
by a coupling reaction and the colour of the reaction solution
obviously changes. The maximum absorption peak of the
solution was at 567 nm and the absorption value was positively
correlated to the concentration of NO,™ within a certain range.

In order to select the optimum concentration of ATP con-
nected to AuNPs, the UV adsorption of AuNPs at 567 nm was
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Fig. 3 Characterization, covalent conjugation and nitrite detection of NG-AuNPs. (A) UV-vis absorption spectrum of G-AuNP. (B) Size distri-
bution of G-AuNPs measured by DLS. (C) Agarose gel electrophoresis of G-AuNPs and citrate-protected AuNPs. (D) Brief description of the
detection principle of the system. (E) Absorption spectra of NO, ™~ with gradient concentrations in the system. (F) The raw 567 nm-absorbance
plot in a larger concentration range. (G) Plot of 567 nm-absorbance with a linear fit (red line) function (y = 0.7204x + 0.0037, where y is the 567
nm-absorbance and x is the concentration of NO, ).
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monitored with different concentrations of ATP added into the
AuNP solutions with the same amounts of hydrochloric acid,
nitrite, and NED in the system. When the ATP concentration
was below 15 mM, the absorbance value of the system rose
along with the increase in the ATP concentration. When ATP
concentration increased to 15-20 mM, the adsorption remained
the same. When the ATP concentration was above 20 mM, the
increase in the ATP concentration caused the system to become
unstable; aggregation and precipitation began to occur, result-
ing in a sharp decrease in the absorption. Due to the aggrega-
tion and precipitation of the AuNPs, the standard error became
large as the ATP concentration increased over 20 mM. The zeta
potential, particle size and UV absorption changes before and
after the reaction are shown in Fig. 2B, C and D, respectively. In
the etching process of AuNPs by ATP, ATP was connected to
AuNPs by the Au-S bond.**** The zeta potential of ATP-AuNPs
increased to —22.17 mV from —43.43 mV (AuNPs), which
proved the formation of ATP-AuNPs. The particle size of ATP-
AuNPs decreased greatly, to 2 nm from 15 nm (AuNPs),
because of the etching effect. The adsorption of AuNPs is related
to the size of the particle. At the same concentration, the smaller
the particle size is, the weaker is the adsorption. When the gold
particle size was 2 nm, almost no adsorption was observed. The
ATP-AuNPs size decreased to 2 nm, and hence no adsorption
was observed in the ATP-AuNPs solution.

The GSH-protected AuNPs (GSH-AuNPs) showed a typical
surface plasmon peak at ~520 nm (Fig. 3A) and their average
hydrodynamic size was about 10.0 nm as determined by DLS
(Fig. 3B). By running AuNPs on agarose gel electrophoresis (AGE),
we verified that GSH was covalently conjugated to AuNPs by Au-S
bonds and the resulting GSH-AuNPs were more robust than
citrate-protected AuNPs on AGE (Fig. 3C). The as-prepared GSH-
AuNPs were further conjugated with NED to prepare NG-
AuNPs. The free NED was removed by centrifugation and ultra-
filtration. The final concentration of conjugated NED to GSH-
AuNP was determined to be 2.52 uM and the concentration of
NG-AuNP was 1.78 nM, so the final molar ratio of NED to GSH-
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AUNP was ~1.42 x 10°, which indicated a very high covalent
conjugation efficiency. We investigated the adsorption changes
in the coloured chromophore formed in the system. As shown in
Fig. 3D, when nitrite just reacted with ATP and NED, the
adsorption spectrum of the formed chromophore was narrow.
After AuNPs were modified by ATP, ATP-AuNPs reacted with NED
and nitrite to form a coloured chromophore; the characteristic
shoulder peak of AuNPs at 517 nm was also observed because the
ATP-AuNPs were not aggregated. When low concentration nitrite
reacted with NG-AuNPs and ATP-AuNPs, the formed AuNPs
aggregation was co-excited with the unreacted NG-AuNPs and
ATP-AuNPs in the system, so a wider peak was observed around
600-650 nm corresponding to the adsorption of AuNPs and AuUNP
aggregations. With the increase in the nitrite concentration, the
characteristic peak of AuNPs weakened and the aggregation peak
was more obvious; a relatively smooth peak was observed. The
system is shown in Fig. 3E. The detection limit of NO,  was
determined to be 3 ng mL ™" with a signal-to-noise ratio of 3. As
shown in Fig. 3F and G, the plot of absorption at 567 nm against
NO,  concentration showed a good linear correlation for NO, ™
concentrations ranging from 0 to 1.0 pg mL ™"

The sensing system was further tested under different pH
conditions and in the presence of different ions. The sensors
showed colorimetric changes (distinguishable by naked eye) only
under acidic conditions (i.e. from pH 1.0 to 6.0, Fig. 4A). The
sensing system showed the highest selectivity for NO,” among
different ions; though Fe**, Fe**, and Cu®" also responded with
slight colour changes, their absorption was more than 4-fold less
sensitive compared to that of NO,™ (Fig. 4B).

To apply the current sensor to real food samples, aqueous
samples were extracted from different foods and tested for
NO, . The nitrite detection results were compared between the
current nanosensor system and the traditional method based
on p-aminobenzenesulfonic acid undergoing diazotization
reaction with NO, ™~ and naphthylethylenediamine under acidic
conditions to form dye molecules where the colour depth is
positively correlated with the concentration of NO,™ (ESIf).

lons

Fig.4 The sensitivity and selectivity of the sensing system. (A) Colorimetric changes of the sensing system in the presence of NO,™ (1.0 ng mL™Y)
under different pH conditions. (B) The ionic selectivity test of the sensing system; inset is the absorbance at 567 nm monitored with the addition

of equimolar ions.
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Fig.5 Application of the nanosensor to nitrite detection for samples of bread (A), milk (B), pork luncheon meat (C), ham (D) and spicy cabbage (E).
The photos are of the real tested samples and the plots below are 567 nm-absorbance against the food exposure time in a —4 °C refrigerator. The

comparisons of chromogenic effects between the new method and traditional

method are shown in both photos and plots. (F) The standard

detection plot derived from the traditional detection method showed a detection limit of 0.06 g mL™™.
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China's allowable nitrite residues in bread, milk, pork
luncheon meat, ham and spicy cabbage are 2 ug mL™", 0.2 pg
mL ™, 50 ugmL~", 70 pg mL ™" and 20 pg mL ", respectively. In
the bread sample, because of the low nitrite content, the
observable colour change started after 84 h exposure time using
the traditional method, while it was reduced to 36 h using the
current nanosensor (Fig. 5A). The nitrite content in milk was
very low; after 60 h exposure in the air, the nitrite content in
milk reached just 3 ng mL™", which could not be detected by the
traditional method. However, there was obvious colour change
by the new method, confirming the advantage of the low
detection limit of the current nanosensor (Fig. 5B). The nitrite
content in the pork luncheon meat was very high; the nitrite
content of the sample reached a saturated state after 48 h
exposure, which also showed higher sensitivity compared to the
traditional method (Fig. 5C). As for the ham sample, we found
that the nitrite content exceeded the allowable amount after
60 h exposure in air using both methods; however, the nano-
sensor showed apparent sensitivity advantages over the tradi-
tional method (Fig. 5D). In the pickling process for hot cabbage
in factories, the cabbages are generally stored for more than 20
days. The lactic acid bacteria in the products can consume
nitrite, so the nitrite content of samples increased slowly
(Fig. 5E), but normally it is not suitable to store cabbage for
more than 48 h. Through the detection of different food and
drink samples, we found that the current nanosensor showed
a lower detection limit compared with the traditional method,
in which lower nitrite content in foods can be observed with just
naked eye. For the current nanosensor, the optimum detection
range was 0-1.0 ng mL~" and the detection limit was 3.0 ng
mL~". According to these detection results, we strongly suggest
that the above-detected foods should be used up within 36
hours after unpacking, even if stored in the refrigerator,
otherwise one risks having dangerous foods with nitrite levels
exceeding the international standard.

4. Conclusion

The current research reported a novel nitrite detection method
and built an applicable nanosensor with a significantly reduced
detection limit compared to the traditional detection method.
The nanosensor made it feasible to detect trace nitrite just by
naked eyes. The high surface-to-volume ratio of NPs and the
facile modification of AuNPs make them a perfect tool for point
of care testing (POCT). A detection process must not only meet
the required prescribed limits, but also record the process “from
scratch”, which is conducive to the study of harmful substance
generation, promote the development of foods or other indus-
tries, and prevent the generation of carcinogens. In summary,
a new nitrite detection nanosensor was developed that has
important applications in food detection and cancer prevention.
The combination of the surface modified NPs and the traditional
chemical reaction could be a very promising research area.
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