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Abstract

Detecting nitrite ions is crucial for environmental and health monitoring, given the prevalence of nitrites in water sources
and meat. Colorimetric methods provide a cost-effective, rapid, and straightforward means of nitrite ion detection. This
study focuses on monitoring nitrite levels in meat to ensure its safe consumption. Three different dyes—Bromophenol
blue (B.P.B.), Eriochrome Black T (E.B.T.), and Potassium permanganate (KMnO4)—were employed to identify and quan-
tify nitrite ions under various experimental conditions such as variable pH, temperature, concentration, and selectivity.
UV-visible studies revealed low average detection limits of 0.2054 mM for E.B.T. dye, 0.218 mM for B.P.B., and 3.317 mM
for KMnO, dye solution. An Internet of Things (loT)-based, portable, and cost-effective device for colorimetric nitrite ion
detection was also developed. This innovative system integrates a connected detection mechanism within a smart device,
enabling swift acquisition of red, green, and blue (RGB) readings for real-time applications in nitrite ion detection. This
development has the potential to offer an economical, precise, and easily transportable method for monitoring nitrite
ions, presenting a promising approach to creating accessible tools in this field.

Article Highlights

o This study focuses on the colorimetric detection for monitoring nitrite ions in meat.

o Athree-dye system was utilized for identifying and quantifying nitrite ions and its efficacy were tested under various
experimental conditions.

e Aninnovative loT based device was developed for the detection of nitrite ion using colorimetry.
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1 Introduction

Meat curing is an ancient practice which allows people to increase the shelf life of meat by improving its texture and taste.
This primitive technique involves the addition of nitrites, salt, and other seasonings to convert meat into cured products
such as ham, salami, bacon, etc. In modern society, processed food has gained much more attention than home-cooked
dishes as it is easy to cook and saves time [1, 2]. The nitrate ion (NO;") was initially discovered, followed by the nitrite ion
(NO,") due to the advancement of research [3]. Nitrite and nitrate salts are similar to sodium and potassium, considered
typical food preservatives used in meat processing. However, in 1960 the invention of N-nitroso compounds increased
the safety concerns of using nitrate and nitrite in meat processing. Nitrates and nitrites are frequently observed and
studied due to their toxicity.

Sodium nitrate is added to meat to enhance and stabilize the red color in meat such as bacon, hot dogs, etc. Initially,
sodium nitrate is added to the dry meat and slowly converts into nitrite. The International Food Information Council
Foundation provides an example of consumer’s conflicting relationship between humans and food preservatives through
the Food and Health survey conducted in the year 2015 [4]. Despite their long history of being employed for food pres-
ervation, nitrate and nitrite faced a potential ban from food applications in the 1970s due to emerging data indicating
potential health risks [5]. Still, nitrite remains the most feared compound among the food additives by consumers [6].
The implementation of sodium nitrite in the poultry industry has been quite debatable due to its possible health risks.

Sodium nitrite inhibits the germination of Clostridium botulinum species and can impart a pink color to the meat
as it reacts with the myoglobin of the meat [7]. The pink coloration is due to the conversion of myoglobin to bright red
nitroso myoglobin, and, on heating, it converts into pink-colored nitrosohemochrome. The toxicological implication of
nitrite is due to the formation of highly carcinogenic nitroso compounds [8, 9] and peroxinitrite [10, 11]. This compound
induces carcinogenicity in living beings. Nitrosamines, a carcinogen, are generated in meat when nitrites are added
to it. The World Health Organization (WHO) recommends that taking 50 g of processed meat per day raises the risk of
developing bowel cancer by 18%.

Many methods are utilized for identifying nitrites and nitrites, such as ion chromatography [12-15], fluorescence [16],
electrochemistry [17-20], chemiluminescence [21] and capillary electrophoresis [22]. Nevertheless, these techniques are
time-consuming and require workforce and expensive instrumentation. Colorimetric analysis using Greiss assay is an
alternative that allows portable, low cost and rapid detection [23, 24]. Colorimetric analysis for Nitrite detection enables
regular poultry nitrite content monitoring. Monitoring the nitrite level in meat enhances the quality of food intake,
improving the quality of life. It aids in continuously advancing research and monitoring initiatives, which play a crucial
role in preserving the optimal mineral equilibrium and boosting the well-being and productivity of poultry populations.
This research introduces a unified colorimetric detection technique alongside a streamlined procedure.

2 Materials and methods
2.1 Materials required

Bromophenol Blue (BPB), Eriochrome Black T (EBT), Potassium Permanganate (KMnO,), Sodium Hydroxide (NaOH), and
Hydrochloric Acid (HCI) were all obtained from Sigma-Aldrich. Analytical-grade chemicals were used in the study. The
purified water for the experiment was obtained from the Milli pore Milli Q water system. The instrument Biochrom
UV-Visible spectrophotometer is utilized for UV-vis characterization with a scanning range from 190 to 1100 nm. The
dye samples are scanned from 300 to 800 nm at a medium speed.

2.2 Dye preparation, characterization and optimization of kinetic parameters

The solutions of KMnO,, Bromophenol Blue and Eriochrom Black T. were prepared at a concentration of 0.003 M and
utilized consistently throughout the experiment. The impact of pH on various test substances was examined using
acidic (at pH 2, 4, 6), neutral, and basic (at pH 9, 12) solutions in combination with the different dye solutions. Each
dye solution (10 mL) was individually mixed with 1 mL of 0.5 ppm test solution (a mixture of ethanol, formic acid, and
methanol) at adjusted pH levels. Alterations in color and the time taken for corresponding changes were observed.
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The impact of concentration and temperature on these test solutions concerning selected dyes was explored, focus-
ing on visible color changes at specific pH levels, which varied among the different dyes. The detection threshold
of the dyes was monitored across test solution concentrations ranging from 0.05 to 15 ppm, while the temperature
effects were studied at 25 °C, 50 °C, 75 °C, and 100 °C.

The experiments were conducted using solutions containing 2 ppm of Bromophenol Blue (B.P.B.), and a combina-
tion of B.P.B. with Eriochrome Black T. UV spectrophotometry was utilized for the characterizations at room tempera-
ture. After the characterizations and data analysis, an absorbance-wavelength graph was generated.

2.3 Development of a smartphone-assisted sensor prototype

The fabrication of an I0T-based colorimetric sensor prototype is very simple and cost-effective. The sensor prototype
is shown in Fig. 1. The colorimetric instrument is divided into three parts, the light source, the sample area, and the
color detector area. Light Emitting Diode (LED)s were utilized as the illumination source, featuring four distinct colors:
red, blue, white, and green. Subsequently, two compartments are designated for the sample area after the region
where the light is emitted. A protective case created via 3D printing covers the sample area, immediately succeeded
by a detection zone fitted with a color sensor. To ensure consistent results, the light source, sample area, and sensor
are aligned horizontally, and the prototype is painted black to minimize any reflections. Two containers, each con-
taining dye solutions, are arranged sequentially, one after the other, and are exposed to the L.E.D. light source. The
color sensor then captures the light transmitted from the sample area. By analyzing this transmitted light, the sensor
establishes the RGB values. When biomarkers are introduced, the dye solution experiences a color change. Through
the sensor prototype’s connection to a device (LCD/smartphone) via Bluetooth, the sensor identifies alterations in
the dye solutions’ colors and exhibits distinct RGB values.
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Fig. 1 Pictorial representation of adopted technique for Nitrite detection
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3 Results and discussion

To develop an exceptionally sensitive colorimetric sensor for NO,™ ions, we introduced NaNO, at a concentration of
0.5 mM into dye solutions within acidic, basic, and neutral environments, and then closely observed for any noticeable
color change. Moreover, the dye’s pH effect, concentration effect, temperature effect, response time and selectivity were
examined and evaluated.

3.1 pH effect and response time

The pH of the dye solution varies with pH values 3, 5,7, 9 and 12, and the pH effect of the sodium nitrite solution is studied
in different dyes. Furthermore, the response time of the dye solution concerning the test solution was also examined.
Data were assessed before and after introducing the test solutions to the dyes across a range of pH levels for each dye.

When examining Bromophenol blue dye, a noticeable color transformation occurs at pH 3, where the yellow hue
turns colorless upon adding NaNO,. This visible color alteration takes place within 3 s. Figure 2A illustrates the color
shift of B.P.B. at pH 3 when introducing 0.5 M NaNO2 into the solution. Initially, the peak for B.P.B. appears at 593.3 nm
with an absorbance of 0.03 a.u. Subsequently, upon adding NaNO, to the dye solution, a peak shift to 589.2 nm with a
higher absorbance of 0.32 a.u. is observed. In the Eriochrome Black T (E.B.T.) dye, the wavelength and absorbance for the
undisturbed dye solution are noted at 523.5 nm and 0.034 a.u., respectively. A visible color alteration from pink to color-
less is observed at pH 3 upon adding 0.5 mM of NaNO,. This is shown in Fig. 2B. Upon introducing the analyte solution,
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Fig.2 Shows the pH effect and color change in dyes, A BPB, B EBT and C KMnO, while adding 0.5 mM NaNO,
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the wavelength shifts to 555.6 nm with a decreased absorbance of 0.021 a.u. For both E.B.T. and B.P.B., the color change
with lower absorbance may be attributed to the chelate ligand formation in the dye due to its interaction with nitrite
ions in the analyte solution.

When KMnO, is analyzed, the bare dye solution shows pink color in all different pH. Figure 2C shows the pH effect
of KMnO,. At pH 3, when NaNO, is added to the dye the pink changes to colorless with a decrease in absorbance. This
occurrence is typical in cases of strongly conjugated systems. Nevertheless, it frequently relies on the solvent used and
could result from electronic transitions between various vibrational energy levels available for each electronic state [25].

3.2 Temperature effect

When fluctuations occur in the temperature of the surrounding environment, any biosensor must maintain the stability
of its detection system. The stability of the dye system and the physical dimensions of the molecules are both influenced
by changes in temperature. From a thermodynamic perspective, an increase in vapor pressure leads to a corresponding
temperature rise, reducing sensitivity and responsiveness. Therefore, minimizing the impact of temperature is essential
to ensure an effective sensing system. To investigate the effect of temperature, the dye solutions were heated at 25, 50,
75 and 90 °C, and NaNO, (0.5 mM) was added to the dye solutions. From the results, it is evident that the dye solutions
are independent of the temperature changes. Figure 3A, B and C shows the temperature effects of BPB, EBT and KMnO4
dye solutions with 0.5 mM of NaNO, respectively.

3.3 Sensitivity study

To examine the sensitivity of the dye solution, different concentrations of NaNO, range from 0.5 mM to 2.5 mM. The
concentration effect is studied at room temperature. The aim was to examine the impact of NaNO, concentration on dye
behavior, particularly concerning alterations in color. This examination was depicted and studied in Fig. 4. A fundamen-
tal principle directing this research is the Beer-Lambert law, which elucidates a direct correlation between a solution’s
absorbance and its concentration. As per this law, A represents the absorption of the solution, € (epsilon) stands for the
molar absorptivity or molar extinction coefficient of the substance, b signifies the path length (typically the width of
the container holding the solution), and C denotes the concentration of the substance within the solution and is linked
by the equation:
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Fig.3 Shows the temperature effect of dye solutions at various temperatures such as 25,50,75 and 90 °C. A Absorbance and color change
graph of B.P.B. dye solution, B absorbance and color change graph of E.B.T. dye and C absorbance and color change graph of KMnO4 solu-
tion
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Fig.4 Graphical representation of NaNO, sensitivity towards dye solution. U.V. absorption and calibration plot of A B.PB.,, B EB.T. and C
KMnO, with respect to nitrite ion concentration ranging from 0.5 - 2.5 mM
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The principle essentially asserts that the absorbance of a solution is directly connected to both its concentration
and the path length. The absorbance was assessed for each NaNO, concentration applied to the dye solutions in the
experiment. The correlation between absorbance and concentration was graphed, resulting in a linear calibration curve,
as depicted in Fig. 4. This curve enables the estimation of concentration based on absorbance readings, presenting
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a valuable tool for subsequent analyses and practical use. An important observation from the experimental findings
was that color transformation occurred more swiftly in the dye solutions when higher concentrations of NaNO, were
employed. This indicates that the concentration of NaNO, notably influences the speed or degree of color modification
in the dye solutions, signifying a potentially crucial facet for further exploration and real-world applications.

In this investigation, the Limit of Detection (L.O.D.) was established as a crucial analytical parameter, determining
the minimum concentration of NaNO, analyte reliably detectable within a sample. Using the formula 30/m, where m
represents the slope of the calibration plot, and o indicates the standard deviation of the intercept, utilized for L.O.D.
calculation. The highest absorbance point of the dye was employed in creating the calibration curve, and Fig. 4 illustrates
this specific calibration curve for NaNO,. The calibration curve equation is y=mx+c, with y representing absorbance,
x as the analyte concentration, m denoting the slope, and cindicating the intercept. For further applications this curve
enables concentration related to absorbance measurements. The remarkable observations from the experimental analy-
sis where rapid color change was observed for higher concentration of NaNO, was added to the dye solution. This area
indicates the potential aspect of further studies and application as concentration of NaNO, has significantimpact in the
rate of color change of the dye solution. Figure 4A, B, and C represent the concentration effect and limit of detection of
BPB, EBT and KMnO, dyes respectively.

For B.P.B. dye, from the calibration curve, the L.O.D. value calculated using the formula were obtained as 0.2 mM with
R? value 0.9942. Similarly, for E.B.T. dye the value obtained for L.O.D. was 0.2 mM with an R? value of 0.9949. For the dye
KMnO, the L.O.D. value determined was 3.3 mM with R? value 0.986. The L.O.D. value is crucial data as it indicates the
sensitivity of the sensor. Low L.O.D. value specifies the capability of the sensor for determining lower concentration of
analyte ion.The L.O.D. values obtained for these dye solutions are key indicators for further experimental and analytical
applications.

3.4 Selectivity study

To establish the selectivity of the sensor further studies with various ions were carried out in the dye solution such as
Sodium chloride (NaCl), sodium Bromide (NaBr), Sodium acetate (CH;COONa), sodium dihydrogen phosphate (NaH,PO,).
For the UV-Visible analysis the test solution was taken at a concentration of 0.5 mM in the dye solutions. From the studies
it is evident that all three dye solutions are selective towards nitrite ion. Moreover, the nitrite ion selectivity was measured
using the formula:

_ A’x - ’10
= »

Al x 10 2

This equation is the calculation of relative wavelength change from UV-Visible analysis. A, is the wavelength obtained
from UV analysis after addition of the analyte and A, is the wavelength obtained from neat dye solution. Figure 5 shows
the selectivity analysis of dye solutions at pH 3. From the analysis it is evident that there is no effect of interfering ions on
the dye solutions. Figure 5A represents BPB dye, 5B represents EBT dye solution and 5C represents KMnO, dye solution.

3.5 Sensor prototype for real time analysis and quantification of nitrite ions

In order to identify and determine the nitrite ion concentration, a portable and user-friendly sensor is developed. The
prototype designed was utilized for identifying the nitrite ions using a three-dye system as shown in Fig. 6 along with
the schematic representation of real time analysis using a three-dye system. Figure 6B is the representation of sensor
prototype’s upper view. And 6C is the representation of real time three dye system.

Utilizing this three-dye system has proven to be a precise and reliable method for real time detection of nitrite ions. By
using the three dyes as sensing components and referring to the RGB chart, it was possible to effectively identify nitrite
ions. The sensor prototype exhibited distinct RGB values when exposed to 0.5 mM, 1.5 mM and 2.5 mM nitrite ions using
different dye combinations, as tabulated in Table 1. This study illustrated the potential of generating unique RGB charts
for various nitrite ion concentrations, with each specific RGB value corresponding to a particular nitrite ion concentra-
tion. This association could then be utilized to quantify nitrite ions in the test sample. The analytical method proposed
in this research, employing the developed device, provides an accurate and reliable means of rapidly detecting nitrite
ions on-site, particularly in water and poultry feed. Furthermore, this technique may have applications in monitoring
nitrite ions in various fields.
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Fig. 6 Shows the pictorial representation of the fabricated sensor prototype using a three-dye system. A the components of the fabricated
sensor, B Upper view of the sensor prototype and C the three-dye system in real time analysis
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Table 1 RGB value chart for
0.5 mM, 1.5 mM and 2.5 mM
nitrite ions in different Concentration KMnO, EBT BPB
Configurations of dye set

Dye combinations RGB values

0.5mM 0 0 0 130,110,50
NO,— 0 0 55,61,108
0 NO,— 0 58,99,95
NO,— NO,— 0 65,101,124
0 0 NO,— 75,1838
NO,— 0 NO,— 81,110,79
0 NO,— NO,— 94,110,61
NO,— NO,— NO,— 110,90,86

1.5mM 0 0 0 183,161,103
NO,— 0 0 110,114,160
0 NO,— 0 111,150,148
NO,— NO,— 0 115,154,177
0 0 NO,— 128,71,92
NO,— 0 NO,— 133,164,132
0 NO,— NO,— 147,163,110
NO,— NO,— NO,— 163,140,140

25mM 0 0 0 211,190,131
NO,— 0 0 136,142,190
0 NO,— 0 140,181,176
NO,— NO,— 0 146,182,202
0 0 NO,— 155,100,121
NO,— 0 NO,— 162,191,160
0 NO,— NO,— 177,191,140
NO,— NO,— NO,— 191,173,167

©f

EBT KMnO, BPB
pH3
pH adjusted dyes.

Fig. 7 Practical application of Nitrite detection in chicken. A Dye solutions of EBT, KMnO4 and BPB at pH 3, B pictorial representation of dye
solutions with chicken pieces. (Insight is the photo of bare chicken piece) and C the color change of dye solutions and chicken due to the
presence of nitrite

3.6 Practical applications

To assess the real-time application of our method, we conducted a colorimetric experiment. Chicken breasts are
immersed in a solution containing 0.5 M NaNO, for about 2 days and then subjected to analysis. We prepared dye
solutions with a pH of 3, and dipped 10 g chicken pieces into this pH adjusted solution. We observed the color change
of the dye solution upon interaction with NaNO, infused chicken breasts, these finds are represented in Fig. 7. In
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Fig. 7a, the depiction of pH adjusted dye solutions including EBT, KMnO, and BPB, while Fig. 7b depicts these chicken
pieces immersed in them. It is remarkable that the presence of nitrite containing chicken altered the color of the
dye solution and the chicken itself, as shown in Fig. 7c. Furthermore, a supplementary video containing the above-
mentioned analysis has been included.

4 Conclusion

This research lays the groundwork for creating a highly sensitive and selective loT-based sensor designed for swift and
real-time detection of sodium nitrite ions in packed meat. The study utilized E.B.T., B.P.B., and KMnO, dyes, proving suc-
cessful in detecting nitrite ions. UV studies and calibration graphs revealed impressively low average detection limits:
0.2 mM for E.B.T. dye, 0.2 mM for B.P.B., and 3.3 mM for KMnO, dye solution. The stability of these dyes was examined
across varying temperatures, demonstrating consistent performance. The crucial sensitivity and selectivity of these
colorimetric assays make them suitable for on-site testing and continuous monitoring. Additionally, the dyes exhibited
exceptional selectivity even in the presence of other interfering molecules. The effectiveness of the detection process
was validated through the creation of a 3D-printed prototype device. By combining the 3D-printed prototype with RGB
analysis, the research team achieved the measurement and identification of nitrite ions, represented visually through
a distinctive RGB chart. This technological advancement holds significant importance in the realm of nitrite detection,
showcasing its potential applications in environmental and health assessments.
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