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1 Introduction

Fluorescence detection of three types of pollutants
based on fluorescence resonance energy transfer
and its comparison with colorimetric detectionf

Yifei Kong, Dan Liu, Xinran Guo and Xinyue Chen®*

This study aimed at three representative pollutants, benzidine, cyromazine, and streptomycin, which were
commonly used and posed a great threat to both environment and human health, mainly to explore a fast,
simple, sensitive, visible naked-eye detection method. Colorimetric detection by gold nanoparticles
(AUNPs) was first attempted. The cross-linking reaction occurred owing to the strong forces between the
targets and AuNPs, leading to aggregation and color change. However, large-scale aggregation was
easily formed and settled, which failed to achieve accurate quantification. Thus, AuNPs are considered to
be used in fluorescence detection as reaction bridges. The introduction of AuNPs could effectively
quench the fluorescence of Rhodamine B based on fluorescence resonance energy transfer (FRET).
Moreover, a classical "on-off-on” fluorescence detection system was constructed based on
nanomaterials. When AuNPs were added, the red fluorescence of the Rhodamine B solution could be
effectively quenched (the “off” reaction). However, the tight cross-linking reaction between the three
targets and AuNPs occurred through the strong affinity, causing Rhodamine B to dissociate in the
solution. The fluorescence was rapidly restored, accompanied by a significant enhancement of
fluorescence intensity (the “on” reaction). The fluorescent responses toward the three targets were
established, resulting in good linearity in a wide range with low detection limits. Moreover, through the
investigation of specificity, the fluorescence sensor exhibited satisfying selectivity and high binding
affinity to the detected targets among the same types of inferences, indicating great potential for
practical application. This simple, fast and sensitive fluorescence detection system was first used for
simultaneously detecting three types of pollutants and finally successfully applied to real samples.

three representative kinds of pollutants, mainly to explore
a rapid, simple, sensitive, and visible naked-eye detection

Environmental pollutants refer to substances that can directly
or indirectly harm human beings after entering the environ-
ment. Pollutants are usually useful substances in production
but become environmental pollutants if they are released in
large quantities without recycling and reuse. Therefore, to
become a pollutant, a substance must exist in a certain amount
or concentration in a particular environment and last for
a certain period of time. There are many types of environmental
pollutants, among which common pollutants closely related to
human production and life are more harmful. The direct
discharge of discarded industrial chemical reagents causes
environmental pollution. Although pesticides and antibiotics
play a significant role in agricultural production and human
health, they become environmental pollutants once their
emissions reach a certain limit. Therefore, this study aimed at
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method.

Aromatic amines are a group of important environmental
pollutants that are contaminants of azo colorants in their
manufacturing processes, leading to a serious threat to human
health owing to their high carcinogenicity."” Among them,
benzidine (C;,H;,N,) is an important organic synthesis inter-
mediate and an important acid inhibitor, which is widely used
in medicine, chemical industry, and other fields. In addition, it
is a very important dye intermediate that can be used to produce
various organic pigments. However, it remains a toxic envi-
ronmental pollutant and has been identified as a carcinogen for
the human bladder since 1975.> According to the list of
carcinogens published by the World Health Organization's
International Agency for Research on Cancer in 2017, benzidine
belongs to class I of carcinogens with extremely strong carci-
nogenic effects. Benzidine and its derivatives in the environ-
ment occur mostly in groundwater and industrial effluents.*
Thus, research in the fields of benzidine detection and removal
from contaminated aqueous environmental samples remains
indispensable and imperative.®
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Cyromazine(C¢H,oNg), a highly effective triazine pesticide
with strong selectivity, has been widely used in animal manure,
field crops, fruits and vegetables as a low-toxicity insecticide for
insect growth inhibitors.*” However, the overuse of cyromazine
has been proven to cause problems with food contamination of
animal origin.® Several extended toxicological tests have proved
that it would cause mammary tumours in mice, and its struc-
ture is similar to other mammary tumour-producing analogues,
thus posing a potential threat to the environment and human
health®'® However, cyromazine can be easily metabolized in
both plants and animals to form melamine," and its excessive
accumulation results in kidney failure because of the formation
of insoluble melamine-cyanurate acid crystals.”” Therefore,
cyromazine has been classified as a potential carcinogenic drug
by the Environmental Protection Agency of the US,'* and the
maximum residue level of cyromazine in edible animal-derived
products is strictly regulated to be 50 ng g '.** To avoid the
harmful effects of cyromazine in food to the consumer, the
development of a simple and quick method of detecting the
residue of cyromazine is very important and accurate.”

Streptomycin(C,,H39N,01,), is a typical aminoglycoside iso-
lated and purified from Streptomyces griseus. It has been widely
used in humans and veterinarians to treat infectious diseases
caused by Gram-negative bacteria by inhibiting the synthesis of
bacterial proteins to treat bacterial infections, such as enteritis
and dysentery.'*'® Owing to the wide application of strepto-
mycin in modern agricultural practice and foodstuffs, strepto-
mycin residues are frequently found in common food and daily
life,” which are easy to affect the ecological balance and human
health.” In particular, the erroneous and uncontrolled appli-
cation of streptomycin in animal-derived foods leads to serious
side effects on human health, such as ototoxicity and nephro-
toxicity.** Considering the hazard of excess streptomycin,
most countries have established a series of standards to limit
streptomycin residue.”® The European Commission sets
maximum residue limits for streptomycin in milk at 200 and
1000 mg L' in pig kidneys and explicitly limits the amount of
streptomycin in natural products, such as honey.* Therefore, it
is necessary to detect the content of streptomycin, especially at
low levels.

At present, many methods have been developed to detect the
three environmental pollutants mentioned above in edible
products or environmental samples, such as high-performance
liquid chromatography (HPLC), gas chromatography spec-
trometry (GC), liquid chromatography-mass spectrometry (LC-
MS), ultra-high performance liquid chromatography-high
resolution mass spectrometry (UHPLC-MS/MS) or rapidly
developed immunoassay methods.?®” Although the above
methods have the advantages of high sensitivity and good
accuracy, they also suffer from drawbacks, such as the
requirement of sophisticated equipment, time-consuming
sample preparation steps, and high costs in instrument main-
tenance and personnel training, which hinder the application
of ordinary laboratories.”® Hence, there is an urgent need to
develop a rapid, accurate, economical and real-time detection
method for environmental safety and physical health.
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Fluorescence has commonly been used in analytical appli-
cations owing to its particular advantages of high sensitivity,
high throughput, low sample volume, simple operation and
ease of application.”?® Fluorescent-based test systems, which
take advantage of organic quenchers, have attracted great
attention and interest in fluorescence immunoassays and
biosensors.** First, common quenching mechanisms include
static quenching, dynamic quenching, energy transfer, photo-
induced electron transfer and internal filtering effect. Energy
transfer can be divided into Forster resonance energy transfer
(FRET), Dexter energy transfer (DET) and surface energy trans-
fer (SET),** among which fluorescence resonance energy trans-
fer (FRET) plays an essential role that usually occurs between
a fluorescent donor and an acceptor.®® Gold nanoparticles
(AuNPs) have been investigated in this area because of their
charming properties, such as different types of assemblies, high
stability, ease of synthesis and electronic, magnetic and optical
characteristics related to size (quantum effects of size).***
Thus, AuNPs have a wide range of applications in the fields of
catalytic synthesis, bioimaging and pollutant degradation,
especially in fluorescent probes that have received widespread
attention from researcher.’**” AuNPs act as exquisite quenchers
of fluorescent dyes instead of traditional organic quench agents
owing to their extremely high extinction coefficient and broad
absorption spectrum,® which overlaps well with the emission
spectrum of the usual fluorophore, resulting in excellent fluo-
rescence quenching ability. Second, in the presence of extin-
guishing agents, fluorescence detection strategies in analytical
chemistry include “on-off”, “off-on”, “on-off-on”, and “on-off-
on-off” reaction systems. We constructed a classical “on-off-
on” fluorescence detection system based on nanomaterials in
this study.

The complexation of various metal ions with some molecules
via functional groups is of great significance for some applica-
tions, and color changes can be observed with the naked eye.*
Therefore, in this study, the colorimetric detection of AuNPs
was first considered to analyse three types of pollutants, as
AuNPs exhibited advantages of simple, sensitive and fast char-
acteristics. However, AuNPs are generally assembled in an
uncontrolled and non-oriented manner, resulting in the easy
formation of large-scale aggregation, which makes it difficult to
achieve accurate qualification. Therefore, it is reasonable to
consider introducing fluorescent substances into the detection
system. A Rhodamine B-AuNP detection system was successfully
designed for three types of pollutants based on FRET by taking
advantage of the fluorescence “turn-off” and “turn-on” features.
The prepared Rhodamine B solution exhibited maximum fluo-
rescence emission at a wavelength of 578 nm when excited at
510 nm, and its red fluorescence was effectively quenched by
AuNPs. Three kinds of detection targets contained hydroxyl,
amino group and other dominant structures, which led to
covalent bonds and electrostatic interactions between targets
and AuNPs. The quenched fluorescence was distinctly recovered
and exhibited a linear regression response to the target for
quantitative detection. In addition, the test system showed high
selectivity among various distractors with similar structures.
Finally, a real sample of streptomycin sulfate veterinary drugs
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for injection and environmental Yellow River water samples
were successfully detected.

2 Experimental procedures
2.1 Chemical reagents

Chloroauric acid (HAuCl,-3H,0) was purchased from Sigma-
Aldrich (USA) and applied directly. Sodium citrate was ob-
tained from DaMao Chemical Corporation (Tianjin, China).
Cyromazine, propiconazole, phosalone, diazinon, isazofos,
chlorpyrifos-methyo, and tolclofos-methyl were purchased from
Xianding Biotechnology Co., Ltd (Shanghai, China). Imidaclo-
prid and thiamethoxam were purchased from Yuanye Biotech-
nology Co., Ltd (Shanghai, China). Azamethiphos was
purchased from Macklin Biochemical Co., Ltd (Shanghai,
China). Formothion was purchased from Jizhun Technology
Services Co., Ltd (Guangzhou, China). Ofloxacin, amoxicillin,
clarithromycin, ampicillin, benzylpenicillin potassium and
ciprofloxacin were purchased from Macklin Biochemical Co.,
Ltd (Shanghai, China). Roxithromycin was purchased from
Solarbio Life Sciences Technology Co., Ltd (Beijing, China).
Norfloxacin and erythrocin were purchased from Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Acet-
aminophen, dimethylaminobenzaldehyde, salicylic acid, para-
aminobenzoic acid, phenol, naphthalene and 5-methyl-2-
phenyl-1,2 dihydropyrazol-3-one were purchased from DaMao
Chemical Corporation (Tianjin, China). All of the experimental
solutions were prepared using distilled water, and all chemicals
used in this study were of analytical reagent grade.

2.2 Instruments

The excitation and emission spectra of fluorescence were
collected using a spectrofluorophotometer RF-5301 PC (Shi-
madzu, Japan). Ultra-Violet absorption spectra (UV-Vis) were
recorded on UV-Vis (Perkin, USA) equipped with a 1 cm-path-
length quartz cell. Fluorescent colorimetric photographs were
collected using an iPhone camera. Transmission electron
microscopy (TEM) images were obtained on an FEI Tecnai
G2TF20 instrument (FEITECNAI, USA) under an acceleration
voltage of 200 kV.

2.3 Preparation of AuNPs

In this study, AuNPs were obtained based on conventional
synthesis methods.*® AuNPs were synthesized by the reduction
of HAuCl, with sodium citrate. The synthesis method was
simplified as follows: 0.228 g of sodium citrate was dissolved in
10 mL of distilled water to obtain a concentration of 77.6 mM.
Under vigorous stirring, the prepared solution was rapidly
added into the boiling HAuCl, solution (786 pL of 10% HAuCl,
dissolved in 100 mL distilled water). The color of the mixed
solution changed from blank to wine red. Then, the mixture was
boiled for 10 min to obtain an AuNp solution. The characteristic
absorption wavelength of AuNPs was monitored to be 520 nm,
indicating that the particle size was almost 13 nm. According to
Lambert Beer's law: A = K¢, c = A/K;, where A is the absorbance
value, K is the molar absorption coefficient (2.7 x 108 mol L),
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and b is the thickness of absorption layer,*' the molar concen-
tration of AuNPs was calculated to be about 259 nM.

2.4 Fluorescence quenching by AuNPs

To explore the quenching efficiency of AuNPs on Rhodamine B,
different concentrations of AuNPs were added into the Rhoda-
mine B solution. Therefore, 0, 100 pL, 200 pL, 300 uL, 400 uL,
500 pL, 600 pL, and 740 uL. AuNP solutions were added into 20
uL and 25 uM Rhodamine B solutions. The total volume of the
solution was replenished with distilled water to 800 pL. The
final concentrations of AuNPs were 0, 16.25 nM, 32.5 nM,
48.75 nM, 65 nM, 81.25 nM, 97.5 nM, and 120.25 nM. After
vortex blending for 15 s, a fluorescent color change was
observed under a UV lamp. The fluorescence intensity was
monitored using a spectrofluorophotometer, in which fluores-
cence was excited at 510 nm. The maximum emission wave-
length was 578 nm, and the slit width was set to 3.

2.5 Detection of three types of pollutants

The optimal volume of AuNPs was determined to be 740 pL,
which could completely quench the fluorescence of Rhodamine
B. The process for detecting three types of pollutants (cyroma-
zine, streptomycin and benzidine) was as follows: 40 pL of
different concentrations of targets were mixed with 740 pL of
AuNPs and 20 pL of Rhodamine B solution, and the final
volume was 800 pL. The final concentrations of cyromazine
were 250 nM, 500 nM, 650 nM, 750 nM, 1 uM, 1.25 uM, and 2.5
uM. The final concentrations of streptomycin were 5 nM, 50 nM,
250 nM, 500 nM, 1.25 pM, 2.5 uM, 5 uM, and 10 uM. The final
concentrations of benzidine were 2.5 uM, 3.75 uM, 5 uM, 7.5
uM, 10 pM, and 15 pM. After vortex blending for 15 s, color
changes were observed under a UV lamp and daylight. To
ensure the measured range of the spectrofluorophotometer, 740
uL of distilled water was added into the above mixture. The
setting parameters were the same as above.

For colorimetric detection, 40 uL of different concentrations
of targets were mixed with 740 pL of AuNPs and 20 uL of
distilled water; the final volume was 800 pL. The final concen-
trations of the three types of pollutants were the same as
described above. After mixing, the color change was monitored
using a UV-Vis spectrophotometer.

2.6 Selectivity for three types of pollutants

To ensure practical applications, it was essential to investigate
the selectivity of a fluorescence detection system. Three types of
pollutants were further investigated among a series of pesti-
cides, antibiotics and chemical agents containing benzene
rings. The specific operation was as follows: stock solutions of
different types of testing samples were prepared using distilled
water. 40 pL of each solution was mixed with 740 uL of AuNPs
and 20 pL of Rhodamine B solution. The ultimate concentra-
tions of pesticides, antibiotics and chemical agents containing
benzene rings in the experiment were determined to be 2.5 uM,
1 uM and 5 pM, respectively. The detection method was the
same as mentioned above.

RSC Adv, 2023, 13, 22043-22053 | 22045
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2.7 Real sample detection

To verify the feasibility and practicability of this method, real
sample detection for streptomycin and benzidine was operated
on in commercialized streptomycin sulfate veterinary drugs and
Yellow River. The Yellow River was simply pretreated as follows:
the sample was settled overnight; then, the liquid supernatant
was filtered through 0.22 um membrane and diluted twice to
obtain. A series concentration of benzidine was spiked into the
above sample. The spiked concentrations were 60 uM, 70 pM, 80
uM, 90 pM, 100 pM, and 150 pM. Streptomycin sulfate for the
injection of veterinary drugs was purchased from a regular
medical establishment. The specification of streptomycin
sulfate for the injection of veterinary drugs was 2 g. According to
drug specifications, a series concentration of streptomycin was
prepared as 1 uM, 5 puM, 12.5 uM, 23 pM, and 50 puM. The
experimental conditions were the same as those described
above.

3 Results and discussion

3.1 Colorimetric detection of AuNPs and three types of
pollutants

Colorimetric sensors have attracted much attention owing to
their low cost, simple preparation, good selectivity, simple
operation, disposable use, no need for complex instruments,
and the ability to detect color changes visible to only the naked
eye.”” Therefore, we first conducted colorimetric detection on
AuNPs and three target substances.

As shown in Fig. 1A, the characteristic absorption peak of
AuNPs was 520 nm. When cyromazine was added to AuNPs (a
series of concentrations were provided in “2.5”), the solution
color and UV-Vis absorption spectra obviously changed. With
the addition of cyromazine, the color of the solution changed
from red to black. Simultaneously, the absorption peak of
AuNPs at 520 nm gradually disappeared. When the concentra-
tion was above 0.5 uM, the large-scaled aggregation was easily
formed and then settled. The colorimetric result was also
confirmed by applying a UV-Vis spectrogram, and no obvious
characteristic absorption peak was formed. Fig. 1B depicts the
colorimetric detection of streptomycin. When the concentration
varied from 0.005 pM to 10 uM, the color changed from red to
black. Not only was the absorbance at the characteristic
absorption peak of 520 nm decreased, but also a new charac-
teristic absorption peak at 700 nm emerged. As AuNPs aggre-
gated in an uncontrolled and non-oriented manner, large-scale
aggregation was easily formed, causing an indistinguishable
color change. Generally, the absorbance of the ratio character-
istic peaks (A700/A4520) Was used to evaluate the linear response of
detection. However, it was found that there was no linear rela-
tionship between concentration and A;00/A520, which was
unable to accurately quantify.

The colorimetric detection of benzidine also showed similar
results. The results are shown in Fig. 1C. As the concentration
increased, large-scale aggregation was easily formed, leading to
a rapid color change and a decrease in the characteristic peak
absorbance. All the above colorimetric results indicated that
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Fig. 1 Photograph and UV-Vis absorption spectra of AuNPs after the
addition of various concentrations of cyromazine (A), streptomycin (B),
and benzidine (C).

AuNPs were aggregated in an uncontrolled and non-oriented
manner, causing the formation of large-scale aggregation,
which was easily settled in the solution. Thus, the color of the
solution exhibited an indistinguishable color change, accom-
panied by a rapidly decreased absorbance value that was unable
to achieve accurate quantification.

FT-IR spectra were used to study the functional groups of the
three types of pollutants. The peaks observed in different
regions of the spectrum provide valuable information about the
structure of the synthesized compounds. Fig. S1At depicts the
characteristic peak of cyromazine. The peak at 2971 cm ™' was
caused by the telescopic vibration of C-H on propane substit-
uents. The peaks of 3497 cm™ " and 1547 cm™ " were attributed to
the tensile and flexural vibrations of N-H on the primary amine
substituents, respectively. In addition, the peak of 1664 cm ™"
represented the vibration of C-N. As shown in Fig. S1B,f the
strong absorption bands at the peaks of 3379 cm™", 1679 cm™*
and 1100 cm™~ ' were caused by the contractile vibration of O-H,
C-0 and C-N, respectively, which were characteristic absorp-
tion peaks of streptomycin, while the peak of 1600 cm ™' was
attributed to the contractile vibration peaks of C-N in strepto-
mycin. The IR spectrum illustrated in Fig. S1Ct showed a char-
acteristic absorption band at 1400-1605 cm ™', which belonged
to the stretching vibration tension of the benzene ring skeleton
of benzidine. The strong peak at 818 cm ™" was caused by the
out-of-plane bending vibration of C-H substituted by the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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middle position of benzidine. The sharp peak at 3300-
3400 cm~ ' was caused by N-H stretching vibration, and the
stretching vibration of C-N in benzidine occurred at 1265 cm ™.
These observations indicate that the three types of pollutants
detected have different characteristic functional groups to

ensure the relative independence of the work.

3.2 Mechanism for colorimetric detection of AuNPs and
three types of pollutants

To verify the feasibility of the mechanism, we employ trans-
mission electron microscopy (TEM) to characterize the particle
size changes in AuNPs and observe the morphology of AuNPs,
as shown in Fig. 2. AuNPs reduced by sodium citrate had
a homogeneous dispersion with an average size of about 13 nm.
After the addition of three types of pollutants, they could be
bound onto the surface of the AuNPs with the large-scale
aggregation formed. This was mainly due to the strong affinity
between the targets and the AuNPs, as demonstrated in Fig. 3.
All three targets contain a large number of amino groups (-
NH,), especially streptomycin, which contains both amino
groups and hydroxyl groups (-NH, and -OH). Thus, targets
could be tightly bound to the surface of AuNPs through cova-
lently bonded Au-N. The presence of numerous Au-N short-
ened the distance between particles, leading to cross-linking
reactions. Moreover, for streptomycin, hydrogen-bond interac-
tions and the electrostatic attraction occur between -NH, and —
OH, further accelerating the aggregation of particles.** There-
fore, AuNPs were sensitive to all three pollutants.

3.3 Mechanism for the fluorescence detection of AuNPs and
three types of pollutants

Although the colorimetric detection method of AuNPs was
sensitive, it suffered from drawbacks such as uncontrolled
aggregation manner and narrow detection range, which made it
difficult to achieve accurate quantification. Thus, it was
reasonable to introduce fluorescent substances into the detec-
tion system.

Fig. 2 TEM of AuNPs (A) and AuNPs with the addition of cyromazine
(B), streptomycin (C) and benzidine (D).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The possible detection mechanism between AuNPs and
cyromazine (A), streptomycin (B) and benzidine (C).

Rhodamine B is a widely used synthetic dye with strong
fluorescence, water solubility and light stability. It has been
found that Rhodamine B could be adsorbed on the AuNP
surface by electrostatic interaction.** The maximum emission
wavelength was monitored at 578 nm using a fluorescence
spectrophotometer when excited at 510 nm. The results and
proposed mechanism for fluorescence detection are shown in
Fig. 4A. AuNPs had no fluorescence property whether observed
under a UV lamp or detected by a fluorescence

RSC Adv, 2023, 13, 22043-22053 | 22047
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Fig.4 (A) Photograph and fluorescence spectra of AuNPs, Rhodamine
B solution with the addition of AuNPs, Rhodamine B solution with the
addition of AuNPs and benzidine, streptomycin, and cyromazine. (B)
Possible fluorescence quenched and recovered mechanisms based on
AuNPs.

spectrophotometer. When added to the Rhodamine B solution,
the interaction between AuNPs and Rhodamine B occurred,
leading to the fluorescence quenching of Rhodamine B and an
obvious color change from red to black. The results confirmed
the fluorescence quenching ability of AuNPs on Rhodamine B.
However, when AuNPs and three types of pollutants were
simultaneously added into the Rhodamine B solution, the red
fluorescence of Rhodamine B recovered with a significantly
increased fluorescence intensity. This was because these three
substances with amino groups and hydroxyl groups are easy to
bond to AuNPs. Additionally, the positively charged amino
groups tend to disrupt the charge balance of AuNPs. Therefore,
AuNPs compete to occupy the binding site, causing the resto-
ration of fluorescence.

The possible mechanism is shown in Fig. 4B and S2.7 During
the FRET process, traditional organic quenchers were replaced
by AuNPs, which acted as excellent quenchers, and their
quenching efficiency was several orders of magnitude greater
than that of typical ones.*® FRET refers to that in two different
fluorescent groups; if the emission spectrum of the “Donor”
group overlaps with the absorption spectrum of the “Acceptor”
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group to a certain extent, and the distance between them is
close enough, fluorescence energy can be effectively transferred
from the “Donor” to the “Acceptor”. When AuNPs aggregate, the
color of the solution changes from red to blue as the surface
plasmon band moves towards a longer wavelength. If the fluo-
rescent groups are desorbed from the surface of the AuNPs,
analysis-induced AuNP aggregation may also lead to changes in
fluorescence intensity through FRET. In addition, FRET
requires that the spectra of the donor and the receptor overlap
well, and the distance between the donor and receptor is less
than 10 nm.*® Thus, the surface plasmon resonance effect of
AuNPs can greatly enhance the electromagnetic field around the
particles, affecting the luminescence characteristics of fluores-
cent molecules distributed on the surface of AuNPs and
surrounding. As shown in Fig. 4B, initially, because of the
repulsion of the surface charge, AuNPs disperse uniformly in
solution, while Rhodamine B adsorbs AuNPs by electrostatic
adsorption, so the distance between them decreases. The fluo-
rescence of rhodamine B is quenched by gold nanoparticles
because of the resonance energy transfer between them.** Thus,
AuNPs have the unique property of an extremely high extinction
coefficient, leading to the quenching of fluorescent species at
different emission wavelengths from the visible range to the
near infrared.*>*” The extremely high extinction coefficient and
broad absorption spectrum overlap well with the emission of
the usual fluorophore, resulting in excellent fluorescence
quenching ability.*® However, owing to covalent bonds and
electrostatic attractions, the analytes had a much stronger
affinity for AuNPs, leading to the occupation of binding sites
between fluorophore molecules and AuNPs; consequently, the
fluorescence was restored.*®

3.4 Quenching effect of AuNPs and three types of pollutants

AuNPs are known to significantly alter the optical properties of
nearby fluorescent compounds owing to the coupling of oscil-
latory dipoles of fluorescent molecules with surface plasmon
resonance from metal particles. This can lead to enhanced or
quenched fluorescence depending on the distance between the
fluorescent molecule and the surface of the AuNPs.*

The quenching effect of AuNPs on Rhodamine B solution is
shown in Fig. 5. A series of concentrations of AuNPs was added

800
600

——97.50M
——12025aM

Intensity
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\l\.\
n

=
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Fig. 5 (A) Photograph and fluorescence spectra of Rhodamine B
solution added by a series concentration of AuNP solution (final
concentration). (B) A dynamic response between AuNPs concentration
and fluorescence intensity at 578 nm.
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into the Rhodamine B solution. With concentrations varying
from 16.25 nM to 120.25 nM, the red fluorescence of the
Rhodamine B solution was quenched gradually when observed
under ultraviolet lamp. The fluorescence intensity at the emis-
sion wavelength of 578 nm also decreased, which was accom-
panied by a color change. It was found that when the
concentration was up to 120.25 nM, the fluorescence was almost
completely quenched, whether observed by the naked eye or
detected using a spectrofluorophotometer. This is mainly
caused by the FRET between AuNPs and Rhodamine B. AuNPs
have the advantage of a high extinction coefficient and can
quench fluorescent substances with a wide wavelength range. In
this paper, to ensure the accuracy of detection and ensure that
the fluorescence could be recovered by the detection target, the
optimal concentration of AuNPs was determined to be
120.25 nM so that the fluorescence could be almost completely
quenched.

3.5 Analytical merit of the three types of pollutants

3.5.1 Fluorescence detection. To investigate the fluores-
cence recovery efficiency of cyromazine, a series of concentra-
tions of cyromazine, AuNPs and Rhodamine B were mixed. After
the reaction, the results are shown in Fig. 6. First, the fluores-
cence was completely quenched by the addition of 120.25 nM
AuNPs, leading to a significant decrease in fluorescence inten-
sity. When cyromazine was added with concentrations varying
from 0.25 pM to 2.5 pM, the red fluorescence was gradually
recovered, which was accompanied by an increase in fluores-
cence intensity when monitored at 578 nm. This was because
cyromazine bound competitively to AuNPs owing to electro-
static adsorption and Au-N covalent bonding, resulting in the
fluorescence recovery of Rhodamine B. It was found that when
the concentration was above 1 pM, the fluorescence intensity at
578 nm no longer increased, but a constant value was main-
tained with an almost unchanged color (Fig. 6A). The results
showed that the reaction reached equilibrium, the reaction site
reached saturation, and there were no more sites to continue
the reaction.

The fluorescence intensity was expressed as F — Fo/F,, where
F and F, are the fluorescence intensities recorded in the pres-
ence and absence of the target, respectively. The trend of

A Blank 0.25pM 0.5uM 0.65uM 0.75uM 1 pM 1.25 uM 2.5 M B
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T T T T
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Fig. 6 (A) Photographs and fluorescence spectra of Rhodamine B
solution after the addition of various cyromazine concentrations in the
presence of 120.25 nM AuNPs. (B) Variation trend toward F — Fo/Fg
over the concentrations of cyromazine corresponding to (A).
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fluorescence intensity as a function of concentration is shown
in Fig. 9B. Compared with colorimetric detection by AuNPs only
(Fig. 1A), when the concentration of cypromazine exceeded 0.25
UM, AuNPs aggregated on a large scale, resulting in a rapid color
change from red to black. The result showed that simple
colorimetric detection failed to achieve the accurate quantifi-
cation of the targets.

To explore the fluorescence recovery efficiency, streptomy-
amine B was mixed. The reaction procedures were the same as
before, and the results are shown in Fig. 7. As the concentration
of streptomycin increased from 5 nM to 10 puM, the red fluo-
rescence gradually restored with a significant increase in fluo-
rescence intensity emitted at 578 nm. At concentrations of up to
1.25 uM, the fluorescence intensity at 578 nm no longer
increased, indicating the arrival of an equilibrium state, and no
more reaction sites involved in the reaction (Fig. 7A). The
following linear relationship between (F — F,/F,) and concen-
trations varying from 5 nM to 1.25 pM was established with
a good correlation coefficient of 0.99 (Fig. 10B): y = 2.6889x +
0.1209. The limit of detection (LOD) for streptomycin was esti-
mated using the following equation: LOD = (30/s), where o
represents the standard deviation of three blank measurements
and s represents the slope of the linear regression equation. The
LOD of streptomycin was calculated to be 1.12 nM. The
proposed mechanism was mainly due to the covalent bonds
between the hydroxyl and amino groups of streptomycin and
AuNPs, which caused Rhodamine B to dissociate from the
AuNPs and return to the free state, thus resuming red fluores-
cence. A comparison of the various detection techniques for
streptomycin is presented in Table S1.f In comparison with
fluorescence detection, the colorimetric results are shown in
Fig. 1B. When the concentration of streptomycin exceeded 0.05
uM, the aggregation of AuNPs basically reached the equilibrium
state and the color of the solution remained unchanged.

As for benzidine, when the concentration varied from 2.5 uM
to 15 pM, the red fluorescence gradually recovered, which was
accompanied by an obvious increase in the fluorescence
intensity emitted at 578 nm (Fig. 8A). A linear relationship
between (F — F,/F,) and concentrations in the above range with
a good correlation coefficient of 0.96 is (Fig. 11B) as follows: y =
0.42495x + 2.22522 with a good correlation coefficient of 0.99.

* *

¥ =2.6889x +0.1209
.99

R=0.
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J ¥
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Fig. 7 (A) Photographs and fluorescence spectra of Rhodamine B
solution after the addition of various streptomycin concentrations in
the presence of 120.25 nM AuNPs. (B) Correlation between strepto-
mycin and fluorescence intensity. A linear regression toward F — Fo/Fg
over the concentrations of streptomycin corresponding to (A).
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Fig. 8 (A) Photographs and fluorescence spectra of Rhodamine B
solution after the addition of various benzidine concentrations in the
presence of 120.25 nM AuNPs. (B) The correlation between benzidine
and fluorescence intensity. A linear regression toward F — Fo/Fo over
the concentrations of benzidine corresponding to (A).

The detection limit (LOD) was calculated to be 56.52 nM using
the formula of LOD = 3¢/s. Benzidine could be bonded on the
surface of particles via Au-N with strong cross-linking affection.
In addition, the electrostatic balance was disturbed by the
electrostatic attraction of the positive charge of the amino group
and the negative charge on the surface of the particles. Under
the combined action of the two, the distances between the
particles were shortened rapidly, leading to large-scale aggre-
gation. A comparison of the various detection techniques for
benzidine is illustrated in Table S2.7 The colorimetric detection
of benzidine using AuNPs is depicted in Fig. 1C. Compared with
fluorescence detection, simple colorimetric detection for
benzidine exhibited the shortcomings of low sensitivity and
a narrow detection range. Moreover, compared to colorimetric
detection using the naked eye, fluorescence is perceived by the
body rather than by color change under normal light.

3.5.2 Selectivity for three types of pollutants. To achieve
application in real samples, it was necessary to investigate the
selectivity of three types of environmental pollutants among
various testing samples that are structurally similar or belong to
the same type. Cyromazine was investigated among a series of
pesticides that were commonly used in most crops, such as
propiconazole, phosalone, imidacloprid, tolclofos-methyl, aza-
methiphos, diazinon, isazofos, chlorpyrifos-methyo, for-
mothion and thiamethoxam. (Table S3f). The final
concentration was determined to be 2.5 pM. Streptomycin was
investigated among various antibiotics, which were common
broad-spectrum antimicrobials, such as ofloxacin, amoxicillin,
erythrocin, clarithromycin, ampicillin, benzylpenicillin potas-
sium, roxithromycin, norfloxacin, and ciprofloxacin (Table S47).
The final concentration was determined to be 1 uM. Benzidine
was detected among a series of chemical reagents with similar
structures, such as acetaminophen, dimethylaminobenzalde-
hyde, salicylic acid, para-aminobenzoic acid, phenol, naphtha-
lene, and 5-methyl-2-phenyl-1,2-dihydropyrazol-3-one (Table
S57). The final concentration was determined to be 5 pM.

The results are shown in Fig. 9. It was found that when three
types of environmental pollutants were added, red fluorescence
was obviously observed under an ultraviolet lamp, which was
accompanied by a significant fluorescence enhancement.
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Fig. 9 Photographs and fluorescence spectra of Rhodamine B solu-
tion after the addition of various pesticides (A), antibiotics (C) and
chemical reagents (E) with the presence of 120.25 nM AuNPs. (B), (D)
and (F) Histograms of fluorescence intensity exhibited by F — Fo/Fq
corresponding to their respective spectra.

However, no obvious fluorescence recovery was observed in
response to the addition of other substances, indicating that the
red fluorescence of Rhodamine B was still quenched by AuNPs.
Because the three types of environmental pollutants could
interact with AuNPs through Au-N bonds and electrostatic
adsorption, the proposed method has high specificity. The
fluorescence enhancement of the RB-AuNP solution observed in
the presence of three types of environmental pollutants was
significantly higher than that of other substances. These
phenomena indicate that RB-AuNPs have a high selectivity
towards them. The statistical results of the histogram further
exhibited significant differences between the target objects and
the other interferences.

3.6 Real sample detection of streptomycin veterinary drugs

To further confirm its practical value, the streptomycin detec-
tion system is applied to streptomycin sulfate veterinary drugs,
which are mainly aimed at the treatment of various intestinal
diseases in livestock and poultry. Based on the drug specifica-
tions, a series of concentrations was prepared. As shown in
Fig. 10A, as the concentration increased from 50 nM to 2.5 uM,
the red fluorescence quenched by AuNPs gradually recovered,
leading to an obvious color change from blank to red. The
fluorescence spectra also showed consistent changes. The
linear variation investigated by plotting (F — Fy/F,) against

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Photographs and fluorescence spectra of Rhodamine B
solution after the addition of a veterinary drug for injectable strepto-
mycin sulfate with different concentrations in the presence of
120.25 nM AuNPs. (B) The dynamic response between concentration
and fluorescence intensity is exhibited by F — Fo/Fg.
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Fig. 11 (A) Photographs and fluorescence spectra of Rhodamine B
solution after the addition of Yellow River water samples in the pres-
ence of 120.25 nM AuNPs. (B) The dynamic response between
concentration and fluorescence intensity exhibited by F — Fo/Fg.

a concentration of streptomycin sulfate veterinary drug in
awide range from 50 nM to 2.5 uM was as follows (Fig. 10B): y =
0.8218x + 0.14218. According to the formula mentioned previ-
ously, the LOD was calculated to be 18.3 nM.

3.7 Application of benzidine in Yellow River medium

To validate the feasibility in real samples, a testing system for
benzidine detection was further applied to the Yellow River
medium. After the simple sample pretreatment, a series of
concentrations were spiked into the prepared samples. The
results are shown in Fig. 11A. With an increase in concentration
from 3 uM to 7.5 puM, the red fluorescence gradually recovered
when observed under an ultraviolet lamp, which was accom-
panied by an obvious increase in fluorescence intensity emitted
at 578 nm. The linear variation investigated by plotting (F — F,/
F,) against concentrations varying from 3 pM to 5 puM with
a high coefficient of 0.99 was as follows (Fig. 11B): y = 2.8632x —
7.7807. The LOD was calculated to be 10.5 nM.

4 Conclusion

In summary, a new type of simple, fast, highly sensitive, and
visible naked-eye detection method for the detection of the
three representative kinds of pollutants is established in this
study. This study also compared the colorimetric detection of
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AuNPs with an “on-off-on” fluorescence detection system. In
this study, although AuNPs are sensitive in response, they are
prone to large-scale aggregation, making it difficult to achieve
quantitative detection of the target substance. In the “on-off-
on” fluorescence detection system, we obtained that the detec-
tion range of streptomycin was 5 nM to 1.25 uM with a LOD of
1.12 nM and the detection range of benzidine was 2.5-15 pM
with the LOD of 56.52 nM. Finally, the actual samples were
tested. Such a testing system based on fluorescent tuning on
and off had the following advantages: (1) this is the first study in
which three different types of pollutants are determined
simultaneously, achieving naked-eye detection. (2) The cali-
bration curves were established in wide ranges of relatively low
LODs. (3) The testing system exhibited high sensitivity and
selectivity towards three target objects among the same types of
interference without any further chemical or complex pre-
treatment. (4) The sensor platform was successfully applied to
real sample detection.
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