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Tetracyclines (TETs) are widely used broad spectrum antibiotics with low molecular weight. However,
excessive use of these bacteriostatic agents has led to their residual increase in the food chain. The
presence of TET residues adversely affects human health and the environment. For the detection of
trace amounts of antibiotics, the development of ultrasensitive methods is essential. Herein, we have
studied the activity of ZnO-Pd nanobolts for the detection of TET. The detection assay was based on
the peroxidase mimetic ability of the nanozyme to oxidise a chromogenic substrate 3,3',5,5-
tetramethylbenzidine (TMB) in the presence of hydrogen peroxide. By the activity of nanozyme the
colorless TMB got oxidised into blue color ox-TMB. A turn-off approach was adopted for the detection
of TET. In this process, oxidation of TMB was restricted in the presence of TET. The increasing
concentrations of TET led to the disappearance of the blue color. The reactions were carried out under
optimized conditions. The sensitivity of the assay was evaluated over a range of 0.001-102.4 uM. The
specificity of the developed detection assay was analysed by testing various serum interfering analytes
along with TET. All the reaction assays were evaluated using the absorbance values obtained by UV-Vis
spectroscopy. The LOD and LOQ of the assays were reported to be 0.0029 puM and 0.0087 uM
respectively. The relationship between the intensity and the increasing concentrations of TET was also
studied using a smartphone, by evaluating the RGB values of the captured images.
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Sustainability spotlight

The developed colorimetric sensor offers a sustainable, nanozyme powered rapid, specific, and sensitive detection of tetracycline residues in milk samples.
Using highly stable and cost-effective ZnO-Pd nanobolts, the method replaces traditional enzyme-based assays, reducing dependence on fragile biological
components and harmful substances. The colorimetric response empowers on-site detection without the requirement of sophisticated instruments, and
smartphone integration offers user-friendly, portable analysis. This method promotes food safety, reduces environmental impact, and supports low-resource
settings by offering a reasonable and scalable solution. Aligning with UN Sustainable Development Goals 3 (Good Health and Well-being) and 12 (Respon-
sible Consumption and Production), our colorimetric assay contributes to safer food monitoring and more sustainable analytical practices.

importance to have specific methods for the detection of TET
with an efficiency to detect nano-molar concentrations.

1. Introduction

Tetracyclines (TETs) are a group of antibiotics with efficient
bactericidal activity and low side effects. They are extensively
used in treatment of bacterial diseases for both humans and
livestock purposes." Misapplication and overexploitation of
these antibiotics has led to exposure of TET residues in dietary
products prompting gastrointestinal infections and amplifying
liver toxicity in humans and other contrary conditions.> TET is
not completely susceptible to environmental factors which
cause only partial degradation of the antibiotic resulting in its
long-term persistence in the ecosystem.® Hence, it is of great
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Various analytical methods such as immunochromato-
graphy assay,” high-performance liquid chromatography
(HPLC),” mass spectrometry,® microbial methods” and liquid
chromatography combined with spectrofluorometric and mass
spectrometry® are accurate but also have shortcomings such as
requirement of operational expertise, sophisticated equipment,
prolonged detection time, non-portability, tedious sample
preparation and exorbitant costs.”

Numerous biosensors have been fabricated for rapid detec-
tion of TET including electrochemical,” fluorescent and
chemiluminescent' sensors but they suffer from disadvantages
like the usage of hazardous chemicals for generating fluores-
cence and encumbered electrode processing. Colorimetry is
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a technique that addresses these issues and has drawn wide-
spread notice."** Multitudinous assays including detection of
antibiotics,"** glucose,'>"” heavy metals,"®" H,0,,>**' uric
acid* etc. have fostered the use of colorimetry acknowledging
the technique's efficiency and swiftness. Recently, several
effective and feasible colorimetric sensors have been reported
but they frequently encounter constraints involving tedious
preparations, practical applicability and susceptibility to envi-
ronmental conditions.>** Therefore, there is an acute need to
design robust, expeditious and simple biosensors.

For colorimetric sensing, enzymes are of critical functional
significance. Natural enzymes are high-priced biological
reagents possessing high catalytic properties and substrate
specificity, but outrageous environmental conditions tend to
cease their catalytic activity.”® Lately, intensified studies are
being conducted on formulating novel nanomaterials with high
catalytic activity. These nanomaterials are known to mimic
natural enzymes and thus are called nanozymes.> In compar-
ison to natural enzymes, nanozymes are robust, economical and
possess better catalytic activity with flexibility for modifica-
tions.” Exceptional enzymatic activity has been reported for
numerous nanomaterials such as metal organic nano-
particles,"** carbon nanomaterials,>**” noble metal nano-
particles,*®
polymers.**

Zinc oxide (ZnO) is a meticulously studied metal oxide
nanomaterial and has gained substantial attention due to its
unique physical and chemical properties. The use of ZnO
nanostructures is prevalent in applications like biosensing,
antibacterial, catalysis, optoelectronics, etc. The catalytic
activity of ZnO nanostructures is mainly influenced by proper-
ties like electron trapping, formation of defects, charge transfer,
strong metal-ZnO interaction, etc.** Moreover, the catalytic
activity of ZnO nanomaterials can be enhanced by formulating
ZnO based nanocomposites.** Pd nanoparticles also show
remarkable catalytic activity,® but agglomeration of the nano-
particles reduces their catalytic properties.** Therefore, a ZnO-
Pd nanocomposite material was designed to avert agglomera-
tion of Pd nanoparticles and obtain a highly effective nanozyme.
The nanozymatic activity is significantly impacted by the
morphology of the nanomaterial. Biological methods of
synthesis are recognised for generating nanomaterials with
unique morphologies and amplified catalytic activity. Conse-
quently, ZnO-Pd nanoparticles were biologically synthesized
using a ‘one-pot’ strategy demonstrating a nanobolt-like
morphology.**

This study proposes the use of peroxidase mimetic activity of
biologically synthesized ZnO-Pd nanobolts for the detection of
TET. The nanocomposite material was engineered using a leaf
extract of E. canadensis, exhibiting outstanding catalytic activity.
The method involved oxidation of a chromogenic substrate-
TMB in the presence of H,0, by the activity of the nanozyme.
TMB was converted to ox-TMB producing a blue color. It was
established that nanobolts possess effective peroxidase mimetic
activity that instantly oxidizes TMB. It was noted that the color
of the reaction mixture faded in the presence of TET. A signif-
icant decrease in the intensity of the color was observed with

metal oxide nanoparticles***® and functional
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increasing concentrations of TET. The effect of TET was evalu-
ated over a range of 0.001-102.4 pM. Using UV-Vis spectroscopy,
absorbance values at a wavelength of 652 nm were noted and
analysed. Furthermore, smartphone analysis was also carried
out to investigate the functional utility of the assay. The RBG
values were calculated using a smartphone application and the
intensity of the color was calculated. The relationship between
color intensity and different TET concentrations was studied.
Additionally, to augment the reliability of the method real
sample analysis was performed by spiking different concentra-
tions of TET in milk samples and examining the absorbance
values.

2. Experimental procedures

2.1. Materials

Palladium(u) chloride, zinc acetate dihydrate and 3,3’,5,5'-
tetramethylbenzidine (TMB) were procured from Sigma-
Aldrich. Sodium acetate, hydrogen peroxide, and acetic acid
were purchased from Merck Ltd. Urea, zinc chloride, calcium
chloride and H,0, were sourced from Merck. All remaining
chemicals were of analytical grade and were used without
modifications. A commercial pharmaceutical formulation of
tetracycline was used for the study. Packaged milk of a recog-
nised dairy brand was purchased from the local market. The
milk brand uses a standard protocol for pasteurization
involving heating and chilling procedures at varied tempera-
tures providing a standard shelf life of 48 hours. For the current
study, procured milk was directly used after dilution.

2.2. Synthesis of ZnO-Pd nanobolts

In our previous study, we established the protocol for biosyn-
thesis of ZnO-Pd nanobolts using the leaf extract of E. cana-
densis.** Concisely, a dispersion was prepared by adding DI
water to the cleaned leaves in an Erlenmeyer flask. This
dispersion was then boiled and filtered to obtain the leaf
extract.

ZnO-Pd nanobolts were synthesized using palladium chlo-
ride (0.05 M) and zinc acetate dihydrate (0.2 M). The salts were
dissolved in DI water and were continuously stirred at 22 °C.
After 30 minutes of stirring, 3 mL of as-synthesized leaf extract
was added to the solution followed by addition of NaOH (0.2 M).
Under these maintained conditions the reaction proceeded for
60 min. The obtained solution was then centrifuged at 3500 rpm
for 15 min, and the resulting precipitate was collected and
washed multiple times. The precipitate was freeze dried and
powdered ZnO-Pd nanobolts were obtained.

2.3. Characterization of ZnO-Pd nanobolts

To ascertain the structural and morphological properties of the
synthesized nanobolts several characterization techniques were
used. The size distribution profile of nanobolts was evaluated
using the dynamic light scattering technique (DLS) (Zetasizer
Nano S90 device, Malvern). For determining the spectral prop-
erties of the nanobolts UV-Vis spectroscopy (UH-5300, Hitachi,
Japan) was performed. X-ray photoelectron spectroscopy (XPS;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Thermo Scientific, UK) was employed to deduce the oxidation
state of Pd. To study the crystallinity of the nanomaterial X-ray
diffractometry (XRD; X'Pert PRO, PANanalytical, Netherlands)
was employed. Energy-dispersive X-ray spectroscopy (EDS)
along with field-emission scanning electron microscopy
(FESEM; Zeiss, EVO 18, Germany) was conducted to determine
the elemental and structural characteristics of the nano-
material. Transmission electron microscopy (TEM; JEM-3010,
JEOL, Japan) was carried out for an elaborated study of crys-
tallinity, shape, size and lattice spacing.

2.4. Factors influencing nanozymatic activity

The nanozymatic activity of a nanozyme is influenced by
numerous factors such as buffer pH, buffer concentration,
nanozyme concentration and incubation time. To obtain the
optimal activity of the nanozyme, these factors were calibrated.
For optimization of buffer pH, the reaction was carried out at
different pH-3.6, 4, 4.6, and 5. The various molarities (0.05 M,
0.1 M, 0.2 M and 0.3 M) of buffer were used to standardize the
buffer conditions to obtain high nanozymatic activity of ZnO-
Pd nanobolts. The concentration of nanozyme used in the
reaction also plays a major role in establishing the optimal
working conditions for attaining the paramount peroxidase
mimetic activity. Therefore, the activity of nanozyme was
studied at different concentrations ranging from 0.025 to
0.1 mg mL™ . Subsequently, the reaction mixture was analysed
at different intervals of time to obtain the optimum window of
incubation. The reaction mixture was incubated for 1 to 30
minutes and scanned using UV-Vis spectroscopy to analyse the
highest absorbance at 652 nm. All the reaction mixtures were
incubated at 22 °C as optimized in our previous studies.***”

2.5. Colorimetric detection of TET

The peroxidase mimetic activity of ZnO-Pd nanobolts was
employed for the detection of TET. The developed assay uses
a chromogenic substrate TMB which gets oxidised by H,O, in the
presence of nanozyme. To detect TET, 500 mg of antibiotic was
dissolved in DI water, and the reaction was carried out under
optimal conditions. The reaction mixture was composed of
1.56 mM of TMB, 1 M of H,0, and 0.025 mg mL ™ of nanozyme
in acetate buffer of pH 4.6. The reaction mixture was allowed to
incubate for 20 minutes at 22 °C. Thereafter, it was scanned
using UV-Vis spectroscopy to obtain the absorbance value.

2.6. Sensitivity and specificity

Different concentrations of TET were examined to evaluate the
sensitivity of the detection assay. The concentration span used
for estimation was 0.001-102.4 uM. Multiple stock solutions with
different molarities were formulated for the estimation. The
reaction was performed in acetate buffer at 22 °C and the mixture
was incubated for 20 minutes. The proportionality relationship
between the intensity of assay and the concentrations of TET was
studied using absorbance values obtained at 652 nm.

Reactions with TET and various serum and urine interfering
analytes (urea, Ca**, Fe*", Na*, K*, NH,", glucose, tryptophan,
lactose, phenylalanine and methionine) were carried out to
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analyse the specificity of the method. The reaction mixtures
were scanned, and the attained UV-Vis spectra were evaluated
for determining the specificity of the developed detection
method.

2.7. Real sample analysis

To evaluate the practical application of the developed assay real
sample analysis was performed. The test was conducted on milk
samples procured from the local market. Foregoing the detec-
tion of TET, 1 mL milk was diluted 400 times and was spiked
with different concentrations of TET using the standard addi-
tion approach. These spiked samples were used for the detec-
tion of TET. The average recovery rate (%) and relative standard
deviation (%) were calculated for each concentration.

3. Results and discussion

3.1. ZnO-Pd nanobolts

Optical properties of ZnO-Pd nanobolts were studied using UV-
Vis spectroscopy. In a wide absorption plot, a broad peak at
awavelength of 327 nm was obtained (Fig. S1). A bandgap (E;) of
2.9 eV was evaluated for nanobolts using the Tauc plot (Fig. S6).

The size determining spectrum was obtained through DLS.
The average diameter of the nanobolts was established to be
994.9 nm (Fig. S1). A polydispersity index of 0.338 was recorded
for the nanomaterial demonstrating exceptional stability and
quality.*

The crystalline structure and purity of the ZnO-Pd nanobolts
were studied using XRD analysis. The peaks were observed at 26
values of 31.77°, 34.44°, 36.23°, 47.51°, 56.56°, 62.88°, 66.30°,
67.8°, 69.03°, 72.46°, and 76.86°, coinciding with the (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004), and
(202) planes, respectively (Fig. S2). As stated by the Joint
Committee on Powder Diffraction Standards (JCPDS), it was
validated that the data were characteristic of the hexagonal
wurtzite structure. The highest intensity peak observed at the
(101) plane corresponds to the direction of nanocrystal growth
whereas the low-intensity peak recorded at the (111) plane
indicates the crystal plane of Pd, confirming the presence of Pd
in ZnO-Pd nanobolts.**

The oxidation state of Pd in the ZnO-Pd nanobolts was
evaluated using XPS data. A binding energy of 335.22 eV was
recorded reflecting the 3d spectrum of Pd and suggesting the
presence of Pd (0) metal® (Fig. S1). It was noted that the prop-
erties of the constituents were persistent on mixing ZnO and Pd.

FESEM scans were utilized to examine the morphological
properties of the nanomaterial. The structural uniformity was
confirmed using the image obtained at 100 00x magnification
with a size range from 50 to 287 nm (Fig. S3). It was observed
that the average height of the nanobolt was recorded to range
from 49 to 83 nm with a 49.8 nm deep hole retained by some
nanobolts.*® The elemental make-up of the ZnO-Pd nanobolts
was estimated by EDS. Intensified peaks were observed for Zn, O
and Pd validating the formation of ZnO-Pd nanobolts. The EDS
analysis was used to estimate the weight percentages and the
atomic percentages of Zn, O and Pd*® (Fig. S4).

Sustainable Food Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00428d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 1:47:44 AM.

(cc)

Sustainable Food Technology

View Article Online

Paper

(a)
—=—pH 3.6
—e—pH4
——pH 4.6
—v—pH 5
© 550 600 650 700 750 800
C
Wavelength (nm
0.245 - gth (nm)
0.2104
g 041751
=
o 0.140-
n
© 0.105-
]
2 0.070-
<
0.0354
0.000 4
36 39 42 45 48 54
Buffer pH
(e) ®
0.25, —.—005M 0.20-
--01M
—de02M
Ao 20 ——y=03M
: .
S € 0.15;
80.15 o
c ({=]
= s 0.101
e (1]
> 0.10 »
o
o Q
o] < 0.05
< 0.05
0.00 0.00 . .
500 550 600 650 700 750 800 0.05 0.10 0.15 0.20 0.25 0.30

Wavelength (nm)

Fig. 1

Buffer salt concentrations (mM)

Influence of buffer pH and buffer concentration. (a) Image showing the effect of buffer pH on the color; (b) absorbance spectra at different

pH; (c) effect of pH determined using absorbance values at 652 nm and standard deviation obtained using experimental data, indicated by error
bars; (d) the effect of different buffer concentrations on color; (e) absorbance spectra obtained at various buffer concentrations; (f) effect of
buffer concentrations determined using absorbance values at 652 nm and standard deviation obtained using experimental data, indicated by

error bars.

The nanobolts were analysed using TEM images projecting
bolt-like structures analogous to the FESEM results. The TEM
results were used for determining the diameter (44.5 nm) and
the thickness (13.8-66.6 nm) of the nanomaterial (Fig. S5).

3.2. Detection of TET

The tendency of ZnO-Pd nanobolts to facilitate the oxidation of
TMB in the presence of H,O, was exploited for the detection of
TET. Due to the peroxidase mimetic activity of nanobolts, TMB

Sustainable Food Technol.

is oxidised changing the color of the reaction mixture from
colorless to blue. The oxidation of TMB occurs due to the
generation of ‘OH produced by the action of nanozyme on
H,0,. It was observed that on addition of TET to the reaction
mixture the intensity of the blue color was lower than that of the
blank assay. This is because the double bonds and phenolic and
amine functional groups of TET exhibit high electron density,
readily attracting the "OH.*® It was previously reported that the
reaction between TET and "OH is favoured over oxidation of
TMB by the "OH such that the formation of a covalent bond

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00428d

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 1:47:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Sustainable Food Technology

Paper
(b)
0.30, —a—0.025 mg/mL
—e—0.05 mg/mL
~>0.25 —+—0.075 mg/mL
—v— 0.1 mg/mL
~0.20 4
[+/]
g 0.15
c
+
© 0.10
7]
K]
< 0.05
0.00 T T T T r )
500 550 600 650 700 750 800
Wavelength (nm)
Fig. 2

(©
0.25-
0.20-
€
< 0.15
N
mn
0
5 0.104
n
o)
<C 0.05-
0.00- : ;
0.02 0.04 0.06 0.08 0.10

Concentrations of nanozyme (mg/mL)

Influence of nanozyme concentration. (a) The effect of different concentrations of nanozyme on color; (b) absorbance spectra at different

nanozyme concentrations; (c) effect of nanozyme concentration determined using absorbance values at 652 nm and standard deviation ob-

tained using experimental data, indicated by error bars.

between TET and "OH inhibits the reaction between 'OH and
TMB.*?*® Hence it can be stated that the "OH produced during
the reaction shows higher affinity towards TET than towards
TMB.

In the study, a range of 0.001-102.4 uM of TET was used for
the analysis. The reaction was carried out in acetate buffer of pH
4.6 consisting of 1.56 mM of TMB, 1 M of H,0, and 0.025 mg
mL ™" of nanozyme with a final volume of 1 mL and the mixture
was incubated for 20 minutes. The assay containing TET
showed no visible change in the color whereas the blue color of
ox-TMB was observed in the blank assay. The reaction mixtures
were scanned using UV-Vis spectroscopy over a wavelength of
400 to 800 nm. A strong peak was observed for the blank assay,
and no prominent peak was attained for the assay containing
TET. Flattening of the absorbance peak was observed with an
increase in the concentration of TET. Therefore, it was esti-
mated that increasing concentrations of TET restricted the
oxidation of TMB.

3.3. Influence of various conditions

3.3.1. Effect of buffer pH. In a colorimetric reaction, the
buffer pH is a vital parameter that determines the peroxidase
activity of the nanozyme. Optimal activity of the nanozyme is

© 2026 The Author(s). Published by the Royal Society of Chemistry

particularly observed at a specific pH. Reactions were carried
out at four different buffer pH. The pH values used in the study
were 3.6, 4, 4.6 and 5. Favourable results were observed at pH
4.6 and 5 when observed by the naked eye. However at pH 3.6
and 4, yellow and greenish-blue color of the ox-TMB was
observed, respectively. The reaction mixtures were scanned, and
the highest absorbance value was obtained at pH 4.6 at
a wavelength of 652 nm (Fig. 1), whereas peak intensities for pH
4 and 5 were substantially lower. The lowest absorbance peak
was recorded for pH 3.6. Therefore, pH 4.6 was noted to be the
optimum pH for the reaction.

3.3.2. Effect of buffer concentration. Buffer concentrations
used were studied after optimization of pH. Different molarities
ranging from 0.05 M to 0.3 M were used for the preparation of
the buffer. The reactions were carried out at each molarity, and
the most effective results were noted at 0.05 M buffer concen-
tration when observed visually. At all the other concentrations
greenish-blue color of the ox-TMB was recorded. The reaction
mixtures were further scanned using UV-Vis spectroscopy. The
highest absorbance value was obtained for the 0.05 M concen-
tration (Fig. 1). It was also observed that the catalytic activity of
the nanozyme decreased as the buffer concentration was
increased. Hence, an inversely proportional relationship was

Sustainable Food Technol.
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observed between the ionic concentration of buffer and the
catalytic activity.

3.3.3. Effect of nanozyme concentration. For estimation of
the optimal nanozyme concentration reactions with different
nanozyme concentrations were carried out. The range of
concentrations used in the study was 0.025 to 0.1 mg mL™".
Visually, blue color of the ox-TMB was only obtained at 0.025 mg
mL ' nanozyme concentration whereas at the remaining

600
Wavelength (nm)

650 700

concentrations greenish-blue color was obtained (Fig. 2). The
solutions were scanned, and the highest value of absorbance
was retained at 0.025 mg mL~". No significant difference was
observed in the absorbance values attained for the other
concentrations. Consequently, the optimal nanozyme concen-
tration was estimated to be 0.025 mg mL ™.

3.3.4. Effect of incubation time. For determining the ideal
incubation time for the developed detection method, the
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Fig. 4 Sensitivity of the TET detection method: (a) absorbance spectrum studied over a TET concentration range of 0 uM to 102.4 uM. (b)
Spectrum between absorbance values obtained at 652 nm and TET concentrations; the inset reflects a linear response at lower concentrations.
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Table 1 Comparison of various studies performed for detection of tetracycline

Detection mode Signal type Detection limit (nM) Incubation time (min) References
Titanium carbide MXene Colorimetric assay 615.38 10 3

N-C co-doped Fe-based nanoparticles Colorimetric assay 62 17 1

Ferritin nanoparticles Colorimetric assay 15.0 30 2

Fe;0, magnetic nanoparticles Colorimetric assay 45 30 40
Molecularly imprinted sites Colorimetric assay 400 10 41

onto the Fe;O, nanozyme

Copper-based nanoenzyme Colorimetric assay 270 — 42

Gold nanoclusters Colorimetric assay 46 90 43
Aptamer modified triple-metal Colorimetric assay 7.1 35 44
nanozyme

ZnO-Pd nanobolts Colorimetric assay 2.9 20 This study
reaction mixtures were incubated for different time durations. 3.4. Sensitivity

The experiment was carried out at various intervals between 0-
25 minutes (Fig. 3). With increasing duration, the intensity of
the blue color increased visibly up to 20 minutes. The reaction
mixtures were scanned, and analogous results were recorded. A
substantial increase in the absorbance values was noted up to
20 minutes. A slight decrease in the absorbance was observed
after 20 minutes. Hence, 20 minutes was evaluated to be the
most suited incubation time.

The merit of a detection assays can be estimated using its
sensitivity. The sensitivity of an assay is an essential parameter
demonstrating linear response obtained at the lowest concen-
trations of the analyte in a sample. Herein, sensitivity of the
method was established by performing experiments with
varying concentrations of TET over a range of 0 to 102.4 uM.
Visually, after 20 minutes of incubation, not much difference in
the color intensity was observed at the lower concentrations but
a significant difference was noted at higher concentrations. No
color was observed at 102.4 uM concentration of TET. All the
reaction mixtures were scanned on the scale of 400 to 800 nm.

600 650 700 750 80

Wavelength (nm)

550

C UCaFeNa KNH4G T L P M Tet
Interfering substances in serum

Fig.5 Specificity of the TET detection method: (a) the color response for TET and all the other analytes. (b) Absorbance spectrum for TET and the
other analytes. (c) Spectrum between the absorbance at 652 nm of various serum-interfering substances and standard deviations obtained using

experimental data, indicated by error bars.
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Fig. 6 Smartphone-based study. (a) Changes in the color intensity at different concentrations of TET. (b) RGB analysis using a smartphone and
a spectrum depicting the relationship between the intensity and the TET concentrations; the inset demonstrates the linearity at lower

concentrations.

The absorbance values were recorded at 652 nm and a consis-
tent decrease in the absorbance was recorded with increasing
concentration of TET. A strong peak with the highest intensity
was obtained for the blank sample whereas the intensity of the
peak noted for the sample containing 102.4 pM of TET was
prominently low. The detection method represents a linear
regression correlation coefficient of 0.97 at lower concentra-
tions of TET signifying a linear response (Fig. 4). The limit of
detection (LOD) and limit of quantification (LOQ) of the method
was calculated to be 0.0029 uM and 0.0087 pM respectively.
Table 1 shows the comparison of our work with the previously
reported studies performed for the detection of TET. The LOD
and LOQ were determined using the following equations:

LOD = 3-3 x Standard deviation of the regression line/slope

LOQ = 10 x Standard deviation of the regression line/slope

3.5. Specificity

Reactions were carried out with TET and various serum inter-
fering analytes including urea, Ca*>*, Fe’*, Na®, K', NH,",
glucose, tryptophan, lactose, phenylalanine and methionine to
evaluate the specificity of the detection method. The determi-
nation of specificity is crucial to establish that the developed

Sustainable Food Technol.

system successfully distinguishes TET from other analytes
under standardised conditions. Independent analysis of each
analyte was carried out by adding 100 pM of each to the reaction
mixture. After incubation the development of the color was
recorded for each assay and the intensities were compared. The
disappearance of blue color of the ox-TMB was only observed in
the presence of TET and all the remaining mixtures appeared
blue. Absorbance spectra of all the analytes were autonomously
recorded using UV-Vis spectroscopy from 400 to 800 nm and
absorbance values at 652 nm were compared. The lowest
absorbance value was obtained for the sample containing TET
whereas the absorbance values of all the other analytes were
either similar to or greater than that of the blank sample (Fig. 5).
This depicts that under optimised conditions only TET shows
higher affinity towards ‘OH than TMB in comparison to the
other serum interfering substances. Therefore, it can be
concluded that the designed assay is notably specific to TET.

3.6. Smartphone based analysis

Ultrasensitive and specific detection methods are introduced to
enhance the quality of diagnosis procedures for speedy and
effective detection. Smartphones are the most prevalent devices
of modern-day technology. High-tech cameras in smartphones
are acceptable gadgets for colorimetry. Hence, smartphone-
based analysis is a convenient approach towards development

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Detection of TET in milk samples

Added TET Found TET Recovery RSD
Samples (nM) (M) (%) (%, n =3)
Milk 0 0.010 — —
50 60.21 120.40 2.45
100 107.30 107.29 2.83
200 177.82 88.90 4.95

of sophisticated point-of-care devices. Here, RGB values of the
images acquired on a smartphone were obtained using
a smartphone application named RGB Color Detector. The
values were recorded for respective concentrations and the
intensity of color of each sample solution in the image was
calculated using the equation I = 0.3R + 0.59G + 0.11B.** The
concentration range adopted for analysis was 0 uM to 204.8 uM
(Fig. 6). Identical and consistent lighting conditions were set up
for image acquisition of reaction mixtures to decrease the
deviations. All images were captured under a closed box to
maintain controlled conditions and minimize the influence of
ambient light. Uniform illumination was provided using a white
LED light source in the box and another very important
parameter is the distance between the reaction mixture and
smartphone camera which was kept fixed during the visual
documentation. Lastly, the parameters of the camera such as
focus, exposure, and white balance were identical for all
measurements. According to the results, it was noted that the
intensity varied linearly with the increasing TET concentrations.
A similar relationship was observed at lower concentrations
with a linear regression coefficient of 0.91 logged.

3.7. Real sample analysis

To determine the viability and dependability of the study, the
presence of TET was estimated in milk samples. The evaluation
was carried out using the standard addition method. The milk
samples were spiked with 50 uM, 100 uM and 200 uM of TET for
the testing. The results in Table 2 show the average recovery rates
from 88.90 to 120.40% and relative standard deviation (RSD) in
the range of 2.45 to 4.95%. The outcomes of the experiment
suggest that the designed colorimetric assay is reliable and has
the potential to operate as a precise and specific sensor.

4. Conclusion

In summary, we have effectively demonstrated, for the first
time, the application of ZnO-Pd nanobolts for the detection of
TET. The nanomaterial was biologically synthesized using a leaf
extract obtained from E. canadensis. The synthesized nanobolts
were found to exhibit high peroxidase mimetic activity. They
readily oxidised the chromogenic substrate TMB in the pres-
ence of H,0, leading to the production of a blue color. Before
the development of the detection assay certain influencing
factors were calibrated to attain the maximum peroxidase
mimetic activity of the nanozyme. It was noted that oxidation of
TMB was abated due to higher affinity of ‘OH towards TET than
to TMB. Therefore, in the presence of TET the blue color of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction mixture starts to fade. With increasing TET concen-
trations, the intensity of the color decreased. The absorbance
values of the assays were analysed at 652 nm. The LOD was
reported to be 0.0029 uM and LOQ was noted to be 0.0087 uM.
Various serum interfering substances were used for the esti-
mation of the specificity of the method. Visually, no color
change was observed for TET whereas for all other analytes the
appearance of blue color of ox-TMB was observed. The presence
of TET in milk was evaluated for assessing the real-time appli-
cation of the assay. Smartphone-based analysis was also per-
formed for the developed assay. The RGB values were calculated
using a smartphone application and a linearity was established
between the concentrations of TET and the intensity of the
color. The detection assay was proven to be ultra-sensitive and
highly specific for the detection of TET.
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