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Abstract

Tetracycline is an antibiotic that has been prescribed for COVID-19 treatment, raising concerns about antibiotic
resistance after long-term use. This study reported fluorescent polyvinylpyrrolidone-passivated iron oxide quantum dots
(IO QDs) for detecting tetracycline in biological fluids for the first time. The as-prepared IO QDs have an average size of
2.84 nm and exist a good stability under different conditions. The IO QDs’ tetracycline detection performance could be
attributed to a combination of static quenching and inner filter effect. The IO QDs displayed high sensitivity and
selectivity toward tetracycline and achieved a good linear relationship with the corresponding detection limit being
91.6 nM.
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1. Introduction

T he use of antibiotics such as tetracycline (TCy)
has increased during the COVID-19

pandemic. TCy belongs to a class of broad-spectrum
antibiotics that can be used to treat COVID-19
infection because it exhibits anti-inflammatory ac-
tivities and can chelate zinc from matrix metal-
loproteinases (MMPs). Moreover, TCy can inhibit
RNA replication [1]. TCy is also widely used to treat
both animal and human infections because of its
excellent antimicrobial properties, low toxicity, and
economical cost [2]. Agricultural overuse of TCy can
lead to excessive concentrations of the antibiotics in
edible animal products such as milk [3] and meat
[4]. When accumulated in the human body, TCy can
cause various health problems, including liver

damage, gastrointestinal disturbances, teeth yel-
lowing, and allergic reactions [5,6]. TCy adminis-
tered via oral or intramuscular injection, which can
be absorbed completely and excreted in urine about
40e90% of the dose admitted [7]. As a consequence,
urine can then spread into groundwater, river, and
soil in the wastewater, which cause a serious
pollution to the environments [8]. Overtime, low
concentration of antibiotic result in the development
of bacteria resistance. Therefore, developing strate-
gies for detecting TCy in urine samples is crucial.
Various methods such as high-performance liquid
chromatography [9], liquid chromatographyemass
spectrometry [10], chemiluminescence [11], capil-
lary electrophoresis (CE) [12], the enzyme-linked
immunosorbent assay (ELISA) [13], and colorimetry
[14] have been established for TCy detection.
However, most of these methods are limited
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because they involve tedious sample preparation
procedures; require the use of expensive or toxic
chemicals; and exhibit low accuracy, sensitivity, and
selectivity in complex biological fluids. Accordingly,
developing a simple, facile, economical, ecofriendly,
and accurate method for detecting TCy in biological
fluids is imperative.
In recent years, fluorescent quantum dots (QDs)

have gained considerable attention because of their
chemical and optical properties, including their
relatively long-lifetime fluorescence (FL), tunable
FL, constrained emission spectra, broad excitation
spectra, large volume-to-surface area, and nano-
scale size (<10 nm). Moreover, QDs exhibit low
toxicity, excellent water solubility, biocompatibility,
and photostability. These remarkable properties
have thus rendered QDs as emerging fluorescent
nanomaterials in environmental [15,16], energy [17],
and biosensor applications [18,19]. Specifically, QDs
have been widely applied for the detection of a wide
range of biomolecules, therapeutic drugs, peptides,
and heavy metals [20e22]. Numerous QDs have also
been constructed for detecting antibiotics, including
TCy [23e28]. For example, Lu's group reported a
top-down method of synthesizing sulfur QDs
through an assemblyefission reaction with a quan-
tum yield of 6.3%; the method requires a long syn-
thesis duration (up to 72 h) [25]. Wei's group
prepared silicon QDs using hydrothermal treatment
for 12 h and used them to detect TCy through
ratiometry executed using an Eu3þ system [27].
Nevertheless, most of these probes require a long
synthesis process as well as a long FL response time
to TCy. Furthermore, their practical applications are
limited, especially in biological liquid samples. As a
result, the development of a QD-based fluorometric
probe for TCy detection is still imperative.
Iron oxide QDs (IO QDs) were successfully syn-

thesized in 2019 and were applied in catalysis re-
actions [29]. Since then, researchers have expressed
high interest in exploring the potential of IO QDs for
other activities or sensing applications [29,30]. IOQDs
constitute a new series of nanomaterials with FL
properties. However, applications based on their FL
properties are rarely reported. Moreover, nanop-
robes are designed with emphasis on selectivity and
sensitivity aspects, and these aspects are easily
affected by interfering species in sample matrices.
Consequently, developing a simple, low-toxicity,
environmentally friendly, and easy-to-prepare IO
QD-based fluorescent probe is a major challenge.
The present study proposed a poly-

vinylpyrrolidone (PVP)-passivated IO QD probe for
detecting TCy in biological fluids, as demonstrated
in Scheme 1. The surfaces of the fluorescent IO QDs

were determined to be rich in C]O, CeN, eCH2,
and pyrrolidone functional groups after capping
with PVP. When TCy was introduced, they formed
hydrogen bonds with the IO QDs with the corre-
sponding Fӧrster distance about 2 nm and
quenching rate constant (Kq) value of
3.4 � 1011 M�1s�1. It's noted that IO QDs show no
remarkable fluorescence lifetime difference in the
presence and in the absence of TCy, indicating static
quenching. Consequently, the peak FL of the IO
QDs (445 nm) was efficiently quenched. The study
determined that the inner filter effect (IFE) consti-
tuted a mechanism underlying the FL quenching of
the probe. Subsequently, the PVP-passivated IO QD
probe was successfully applied to detect TCy in
urine samples, resulting in high recovery. The as
prepared IO QDs show the characteristics of less
toxicity, high hydrophilicity, high stability under
some environmental condition (light, temperature,
salt, long-term storage), and excitation-dependent
emission. These results thus demonstrate the po-
tential of IO QDs for real-world applications.

2. Materials and methods

2.1. Chemicals

Tetracycline (TCy) and chloramphenicol were
purchased from EMD Millipore (Germany). Ampi-
cillin, erythromycin, and kanamycin sulfate were
purchased from Bio BasicInc. (USA). Vancomycin
was purchased from Calbiochem (USA). Sulfa-
methoxazole, ciprofloxacin, trimethoprim, and hip-
puric acid were obtained from SigmaeAldrich
(Germany). Quinine was obtained from Alfa Aesar
(USA). CaCl2.2H2O, ZnCl2, KCl, NaCl, and NH4Cl
were purchased from Showa (Japan). Poly-
vinylpyrrolidone (PVP, molecular weight ¼ 58,000)
was obtained from Acros Organics (USA). All re-
agents were reagent grade and were used without
further purification. Ultrapure water prepared using
a Milli-Q water system (Simplicity, Millipore) was
used to prepare aqueous solutions.

2.2. Instruments

All apparatuses employed to work up the re-
agents, nanoparticles, and QDs were made of Pyrex
glass. FL spectra were measured using an Agilent
Cary Eclipse FL spectrophotometer.
Ultravioletevisible (UVeVis) absorption spectra
were collected using a Shimadzu UV-1800 UVeVis
spectrometer. The pH of the prepared solutions
was adjusted using a pH meter (Hotec, model PH-
10C). The surface functional groups of the QDs as
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well as the interaction between QDs and analyte
were confirmed using an ALPHA Fourier-transform
infrared spectroscopy (FTIR) spectrometer (Bruker).
A transmission electron microscope (TEM; Hitachi
HT-7700) was employed to examine the surface
morphology of the QDs. All hydrothermal reactions
were conducted in a Channel precision oven. A
vortex mixer (Model VTX-3000L Mixer Uzusio-
LMS) was applied to mix the samples. A
SQUID0000600 MPMS-XL7 vibrating sample
magnetometer system was used to examine the
magnetization saturation. A powder X-ray diffrac-
tion (XRD) instrument (000705 Bruker 2nd Gen) was
applied to analyze the diffraction peak data of the IO
QDs.

2.3. Synthesis and the stability evaluation of IO
QDs

On the basis of an established method [31], Fe3O4

nanoparticles (IO NPs) were used as the precursor
for IO QD synthesis. Specifically, the IO NPs (5 mg/
mL; 5 mL) were mixed with PVP (0.25 g; ~0.86 mM)
and subjected to a hydrothermal reaction for 12 h at
200 �C. After cooling to room temperature, the so-
lutions were filtered using a 0.22-mm membrane
filter and diluted 20-fold before being stored at 4 �C
for subsequent experiments. Different radiation
wavelengths, temperatures, pH levels, ionic
strength levels, and storage times were used to
evaluate the FL stability of the prepared IO QDs.
The IO QDs were exposed to light-emitting diode
light (l ¼ 254 nm) and UV light (l ¼ 366 nm) for
0e30 min. The thermal stability of the IO QDs was
tested at temperatures ranging from 25 �C to 100 �C.
Moreover, the pH stability of the IO QDs was
evaluated at pH levels ranging from 3 to 11. The IO
QDs were also mixed with NaCl solutions of
different concentrations (0e1000 mM) to investigate
the effects of the solution concentration on their
ionic strength. Finally, the IO QDs were stored in a
refrigerator to monitor their long-term storage
stability.

2.4. Quantum yield measurement

The absorption spectra of the samples were
measured at an excitation wavelength of 340 nm and
a small absorbance of <0.1. The FL spectra of the
samples were recorded at an excitation of 340 nm
over a wavelength range of 350e600 nm. A slit width
of 5 nm was used for both the excitation and emis-
sion beams. The FL spectra of both quinine sulfate
and IO QDs were recorded under the same condi-
tions. Quantum yield was calculated using the
absorbance and integrated intensity of the emission
spectra, as expressed in the following equation [32]:

Q¼Qr x I/Ir x Ar/A x n2/nr
2 (1)

where Q denotes the quantum yield, I denotes the
integrated intensity of the emission spectra, A de-
notes the absorbance at the excitation wavelength, n
denotes the refractive index, and the subscript r
denotes the reference (quinine sulfate) with a 0.54
quantum yield [32].

2.5. Fluorescent IO QDs for TCy examination

The emission spectra of the IO QDs in the pres-
ence of various antibiotics were measured at an
excitation wavelength of 340 nm. The slit width for
both the excitation and emission beams was 5 nm.
Different antibiotics were used in the measurement
to examine the selectivity of the as-prepared IO QDs
at a fixed concentration of 200 mM. The FL intensity
(lem ¼ 445 nm) was recorded to determine the
particular antibiotics that provided FL quenching
effects compared with a blank. The detection limit
was calculated using the following equation:

LOD ¼ 3s/S (2)

where s represents the standard deviation of the FL
emission intensity of the IO QDs and S represents
the slope of the calibration curve. The selectivity
of the fluorescent IO QDs was evaluated by

Scheme 1. The synthetic routes for IO QDs and the principle of TCy probing.
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monitoring changes in the FL emission spectra in
the presence of various antibiotics and other com-
pounds commonly found in urine, such as Ca2þ, Kþ,
Zn2þ, Naþ, hippuric acid, and ammonia. The solu-
tion was prepared at a concentration of 200 mM in
phosphate-buffered saline (PBS) solution.

2.6. Real sample analysis

In this study, human urine samples were collected
from a healthy volunteer and tested. The collected
urine samples were diluted 10-fold with PBS solu-
tion and filtered through a 0.22-mm Millipore
membrane filter. The filtrates were collected for
further measurement. Subsequently, the IO QD
probe (constituting the sensing platform) was tested
to assess its practical applicability for detecting TCy
by using the standard addition method. For this
assessment, TCy was added separately to the urine
samples at different concentrations.

3. Results and discussion

3.1. Characterization of IO QDs

TEM images were used to characterize the
morphology and particle size of the IO QDs. The IO
QDs exhibited uniform spherical nanoparticles with
an average diameter of 2.84 ± 0.99 nm (Fig. 1a-b).
Figure 1c illustrates the hysteresis loops of the IO
QDs. The magnetization saturation (Ms) of the IO
QDs was measured to be 0.052 emu/g, indicating
that the magnetic properties of the IO QDs are very
low compared with iron oxide nanoparticles. This is
attributable to the oxidation of the IO QD surfaces
[33]. Figure 1d displays the powder XRD patterns
derived for the prepared IO QDs. The diffraction
peaks located at 2 Theta ¼ 21.5�, 24.2�, 33.1�, 35.7�,
41.0�, 49.3�, 54.0�, 57.5�, 62.5�, 64.1�, and 72.1� cor-
responded to the (211), (012), (104), (110), (113), (024),
(116), (018), (214), (300), and (002) planes of Fe2O3,
respectively [34]. To determine the effects of IO QD
passivation by PVP, the FTIR spectra of the IO QDs
were measured (Fig. 1e). The spectra revealed a
broad band at approximately 3267 cm�1, which was
attributed to OeH stretching [35]. Another band
was observed at 2805 cm�1 and was ascribed to
CeH asymmetric stretching vibration [36]. The
spectra for the pure ligand also revealed a strong
band at 1630 cm�1, which was attributed to C]O
stretching [37]. Moreover, an absorption peak
related to CeH bending vibration appeared at
1428 cm�1 [38]. Two additional bands were observed
at 1018 and 1291 cm�1 and were ascribed to CeN
stretching vibration [39].

3.2. Optimization of synthetic condition

Scheme 1 presents a schematic of the IO QD
synthesis procedure. The growth of spherical IO
QDs in solution involved two steps. First, monomers
(IO NPs and PVP precursors) from the bulk solution
were transported onto the QD surface; second, the
monomers on the surface reacted [40]. The IO QDs
were synthesized through a hydrothermal reaction
in which IO NPs served as the precursor. Moreover,
PVP served as the capping agent, which was used to
passivate and obtain FL properties. To determine
the optimal condition for achieving QDs high FL
efficiency, various IO NP concentrations, PVP con-
centrations, hydrothermal reaction times, tempera-
tures, and hydrothermal capacity levels were
studied (Fig. 2a-e). The fluorescence intensity in-
creases when the IO NPs at concentration of 0.1 mg/
mL to 0.5 mg/mL and declines when the concen-
tration of IO NPs is 1.0 mg/mL. The amount of PVP
of 0.25 g results in the highest fluorescence intensity
compared to the other amount of PVP at 0.05 g and
0.1 g. The crystal growth process of the IO QDs
formation was found to be influenced by the pre-
cursor concentration of IO NPs and PVP result in
the best fluorescence properties [30]. The reaction
time and temperature are also important to gain the
optimized fluorescence features. The high fluores-
cence intensity was achieved at 200 �C with 12 h of
hydrothermal reaction time, which is a result of the
suppression of nonradiative pathway on IO QDs the
surface [41] and adequate crystal growth. The
assessment results revealed that the optimal condi-
tion for achieving QDs with high FL efficiency was
as follows: IO NP concentration, 0.5 mg/mL (5 mL);
PVP, 0.25 g; temperature, 200 �C; and hydrothermal
reaction time, 12 h. Subsequently, the optimized
QDs exhibited a bright blue color under UV light at
365 nm. The prepared QDs could be used as fluo-
rescent sensors for toward TCy through the turn-off
process.

3.3. Optical properties of IO QDs

The optical properties of the prepared IO QDs
were examined by analyzing their FL and UVeVis
absorption spectra. In general, strong FL emission
is among the most beneficial characteristics of IO
QDs. Figure 3a illustrates the FL excitation and
emission spectra of the IO QDs, revealing the
appearance of an optimal peak at excitation and
emission wavelengths of 340 and 445 nm, respec-
tively. The IO QDs exhibited excitation-dependent
emission (Fig. 3b) because of surface defects caused
by surface oxidation and different particle sizes
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[42e44]. The IO QD spectra also exhibited a redshift
(Fig. 3c), which was caused by electronic relaxation
after band-edge light absorption. This phenomenon
can be attributed to two possible mechanisms: the
first mechanism involves loss of energy through
shallow trapping of valence band holes to a state
where they can combine with delocalized conduc-
tion band electrons, and the second mechanism
involves a large geometric reorganization of the
excited state, resulting in considerable
electronephonon coupling and emission to a
vibrational electronic ground state [45]. Moreover, a

phenomenon strain (a giant red edge excitation ef-
fect) was observed (Fig. 3d) at the highest emission
wavelength (lex ¼ 340 nm), and this strain was
tuned to a higher wavelength as the excitation
wavelength increased [46]. The FL spectra could
primarily be attributed to exciton radiative recom-
bination, which can be modulated by the bandgap
structure, dark exciton states, chemical treatment,
dielectric screening effects, or disorders [47]. Addi-
tionally, the FL spectra could be attributed to exciton
recombination with different structural defects [48].
These defects could act as efficient trapping centers

Fig. 1. (a) TEM image of IO QDs. (b) Size distribution graph of IO QDs. (c) hysteresis loop of IO QDs. (d) XRD of IO QDs. (e) FTIR spectrum of the
evaluated IO QDs.

O
R
IG

IN
A
L
A
R
T
IC

L
E

JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:177e193 181



for electrons, holes, and excitons and exert a strong
influence on the electronic and optical properties of
a material [49,50]. C]O, CeN, and eCH2 functional
groups [51] passivate QD surface defects, resulting
in the enhancement of FL intensity [52]. The
UVeVis spectra of the IO QDs is presented in
Fig. 3e. An extremely intense absorption band was

observed at approximately 240e260 nm, and this is a
commonly observed feature in various types of QDs
[53e55]. However, studies have determined that this
peak did not contribute to the FL of QDs and have
attributed it to nonradiative electron transitions and
background material [56,57]. In the present study,
the spectra of the IO QDs also revealed a peak at

Fig. 2. Synthetic condition of (a) NPs concentration (0.1 g PVP, t¼14 h, T¼200ºC). (b) PVP optimization (IO NPs: 0.5 mg/mL, t: 14 h, T: 200ºC). (c)
reaction time (IO NPs: 0.5 mg/mL, PVP: 0.25 g, T: 200ºC). (d) temperature (IO NPs concentration: 0.5 mg/mL, PVP: 0.25 g, t: 12 h). (e) hydrothermal
capacity (t: 12 h, T: 200ºC).
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approximately 300 nm, which was attributed to the
n-p* transition of C]O [58]; they also revealed an
optimal emission peak at 445 nm when the excita-
tion wavelength was 340 nm. Using quinine solution
in 0.1 M sulfuric acid as a reference, this study
calculated the quantum yield of the IO QDs to be
12.37% ± 0.10%. To the best of our knowledge, few
IO QDs have been applied as fluorescent sensors,
and our method achieved the highest IO QD
quantum yield among the reported approaches [29].

3.4. Stability of IO QDs

For IO QDs, thermal stability is a crucial param-
eter for operation above room temperature. This

study observed that the FL of the prepared IO QDs
was quenched due to thermal induction (Fig. S1a).
Specifically, the FL decreased as the temperature
increased The FL of the dots was quenched by up to
20% at 100 �C, but it recovered to its initial level after
the dots were cooled to room temperature. This
reversible FL quenching effect could be attributed to
the thermally produced temporary trap states, and
this effect remained reversible up to a certain tem-
perature. In general, trap states cause FL quenching
through trap emission or nonradiative quenching
[59]. Higher temperatures can trigger FL quenching
because the surface QDs undergo oxidation [60].
This study also executed photoluminescence (PL)

spectroscopy to explore the photostability of the IO

Fig. 3. (a) FL excitation and emission spectra of IO QDs (insets show the IO QDs solution under day light and UV light of 365 nm). (b) the emission
spectra under various excitation wavelength. (c) normalized spectra. (d) Strain (giant red edge excitation effect). (e) absorption spectra of IO QDs.
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QDs. The results indicated that the PL intensity
gradually decreased to less than 10% when the IO
QDs were subjected to UV irradiation for 0e30 min
(Fig. S1b). The high stability under UV irradiation
was caused by the presence of PVP, which served as
a stabilizing ligand to prevent the occurrence of an
ionized dark state in the IO QDs [61]; PVP also
served as a scavenger of reactive oxygen species that
were produced by the illumination process [62]. C]
O groups on the surfaces of IO QDs protect the QDs
from oxidation by blocking the reactive sites [63].
This study did not observe precipitation upon irra-
diation, implying that the IO QDs exhibited high
photostability with anti-photobleaching features.
This study explored the stability of the IO QDs by

mixing them with NaCl solutions of different con-
centrations (0e1000 mM) and then evaluating the
effects of these concentrations on the ionic strength
of the IO QDs (Fig. S1c). The NaCl solution con-
centrations did not induce IO QD aggregation.
Subsequently, the IO QDs were mixed with solu-
tions of different pH levels, and the corresponding
FL spectra were recorded to evaluate the effects of
pH on the FL properties of the IO QDs. The solu-
tions with different pH levels engendered notable
changes in the emission intensity of the IO QDs.
Therefore, IO QDs are dependent on pH. The study
revealed that the FL intensity was highly stable at
pH values of 3e7 (Fig. S1d). This property is useful
because to the best of our knowledge, few QDs can
retain their high PL and FL intensity in water over
such a wide pH range. The surfaces of the IO QDs
were determined to be rich in carboxyl, hydroxyl,
carbonyl, amines, and other functional groups that
may undergo protonation and deprotonation [64].
This study also evaluated the effect of storage time

on the FL intensity of the IO QDs (Fig. S1e). The
results revealed that the surfaces of the IO QDs did
not undergo degradation during 30 days of refrig-
erated storage, indicating that the FL intensity of
QDs is highly stable when stored.

3.5. Optimized measurement condition for TCy
sensing

This study investigated the effects of pH, response
time, and buffer on the FL quenching ratio (F/F0,
where F and F0 represent the FL intensity of IO QDs
in the presence and absence of TCy, respectively) to
determine the optimal condition for TCy detection.
Adding 200 mM TCy to IO QD solutions with pH
levels ranging from 3 to 11 quenched the FL in-
tensity of the IO QDs (Fig. S2a). Notably, the FL
intensity of the IO QDs was independent of pH
values ranging between 3 and 11. Therefore, the IO

QD probe can be applied for TCy detection over a
wide pH range. When the IO QDs were incubated
with 200 mM TCy, the F/F0 values decreased rapidly
after 2 min of incubation and then remained stable
for at least 30 min (Fig. S2b). These findings indicate
that TCy can rapidly quench the FL intensity of IO
QDs. Accordingly, this study determined the
optimal response time to be 2 min. Fig. S2c displays
the responses of the IO QDs to TCy in acetate (pH 4,
0.2 M), citrate (pH 3, 0.25 M), and PBS (pH 7, 0.1 M),
indicating that buffer type had no effect on FL
quenching effects; specifically, the IO QD probe
could function independent of buffer type. Hence,
for subsequent tests, this study selected PBS
(pH ¼ 7.0) under the experimental condition, the pH
of which is within biologically relevant pH for real-
world sampling applications.

3.6. Selectivity and interference study

To evaluate the selectivity of the IO QDs toward
TCy and analyze factors interfering with the detec-
tion performance of the IO QDs, this study derived
FL quenching ratios (F/F0) for the probe in inter-
fering compounds, including various antibiotics,
biomolecules, and metal ions. The results indicated
that the FL quenching ratios for the probe remained
unchanged or exhibited negligible changes (Fig. 4a-
b). Fig. S3a-b illustrates the FL and the color change
of the IO QDs upon the addition of TCy and other
antibiotics, indicating that the IO QDs exhibited
high selectivity toward TCy; this thus demonstrates
the considerable feasibility of the IO QD probe for
TCy detection. The study also conducted an inter-
ference analysis by testing the effects of interfering
substances that commonly exist in samples on the
detection performance of the IO QDs. The analysis
results (Fig. 4b) suggested that the chemical species
could not interfere with the TCy detection of the IO
QDs. The unique selectivity of the IO QDs towards
TCy can be attributed to the hydrogen bonding
formation between the hydroxyl, carboxyl and
amide groups of TCy and the abundant polar
groups on the IO QDs’ surface, result in the fluo-
rescence quenching and dark complex formation.

3.7. FL analysis of TCy

Various concentrations of TCy were added to the
IO QDs solutions to determine their correlation with
FL intensity. The TCy concentration profiles are
presented in Fig. 4c-d. As the TCy concentrations
increased, the FL intensity levels decreased consid-
erably. The FL emission exhibited a slight redshift
from 445 to 450 nm when the TCy concentration
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increased from 0 to 500 mM. IO QD/TCy systems
may engender IO QD surface defects, leading to a
nonradiative recombination of the excitons and FL
quenching [65]. This interaction may explain the
quenching of the FL intensity levels of the IO QDs
observed in this study. A linear relationship was
observed between F0/F and TCy concentration
(0e500 mM), with the corresponding R2 value being
0.9969 (Fig. 4d). The limit of detection (LOD) was
calculated to be nearly 91.6 nM. Overall, the ad-
vantages of the fluorescent IO QD probe developed
in this study include its simple operation, rapid
detection and determination, ease of use, low cost,
high sensitivity, and high selectivity (Table 1).

3.8. TCy sensing performance of IO QDs in real
sample

To evaluate the practicality of the fluorescent IO
QD probe developed in this study, the prepared IO
QDs were employed to detect TCy in urine samples
by using the standard addition method. The probe
detected TCy in the urine samples, with the recov-
ery rates ranging from 99.384% ± 1.093%e
110.067% ± 2.627% and the relative standard devi-
ation (RSD) ranging from 1.100% to 2.387% (Table
2). The recovery and RSD values demonstrate the
relatively high accuracy and reproducibility of the
probe in the detection of TCy. These results indicate
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Fig. 4. (a) The FL quenching efficiency of IO QDs solution after adding various antibiotics. (b) selectivity and interference test of IO QDs among all
tested antibiotics and over other interfering substances at the concentration of 200 mM. (c) fluorescence emission of IO QDs solution in the presence of
various TCy concentrations (lex¼340 nm, 1 min incubation time) (inset: emission of IO QDs after adding TCy ranged 0-200 mM). (d) plots of relative
fluorescence (F0/F) values of IO QDs solution in the presence of various concentrations (inset: plot F0/F towards concentration of TCY in the range 0.1
to 10 mM).
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that the IO QDs can rapidly and accurately screen
for TCy in biological liquid samples.

3.9. Mechanisms of FL quenching of IO QD probe

This study executed several additional experi-
ments to determine the FL quenching mechanisms
of the IO QDs. First, the FL lifetime of the IO QDs
was evaluated, and FL decay curves were plotted for
the IO QDs in the absence and presence of TCy
(Fig. 5a). The average luminescence lifetimes of the
IO QDs in the absence and presence of TCy were
4.69 and 4.62 ns, respectively. The presence of TCy
influenced the FL lifetime of the IO QDs, indicating
a possible static quenching effect [66]. Additionally,
the SterneVolmer equation was used to verify the
presence of static or dynamic quenching processes
(Equation (1) in supporting information). The
SterneVolmer plots are displayed in Fig. 5b, the
calculation results revealed that the SterneVolmer
quenching constant (KSV) and the quenching rate
constant (Kq) was 1.6 � 103 M-1 and
3.4 � 1011 M�1s�1, respectively. Kq was higher than
maximum value of the dynamic quenching effect
(2.0 � 1010 M�1s�1) [67], indicating the involvement
of static quenching. The static quenching effect
involved ground state interactions, whereas the
dynamic quenching involved either excited-state or
collisional interactions of Fӧrster resonance energy
transfer (FRET). Two primary conditions must be
met for FRET to occur in any donor or acceptor.
First, the absorbance of the acceptor (TCy) and the

FL emission of the donor (IO QDs) should overlap
significantly (Fig. 5c). Second, the Fӧrster distance
between the donor and the acceptor must
be < 10 nm for an effective FRET, and this distance
was calculated to be 2.1 nm in this study (Equation
(2) in supporting information) [68]. In FRET, the
lifetime of IO QDs should be shortened in the
presence of TCy. In this case, FRET did not take
responsibility for the quenching mechanism. In fact,
Fӧrster distance is about or less than 2 nm indicating
the static quenching [69].
In addition, the IFE between the IO QDs and TCy

constituted a mechanism for the FL quenching effect
[70,71]. The UVeVis absorption spectra of TCy and
the excitation spectra of the IO QDs (Fig. 5d) over-
lapped, confirming the existence of the IFE. Mean-
while, the lifetime of IO QDs in the absence and in
the presence of TCy is unchanged, which is also a
key feature of IFE [72]. The infrared spectra of the IO
QD/TCy system were also measured. Figure 5e il-
lustrates the FTIR spectra of the IO QDs, IO QD/TCy
system, and the subtraction results. As shown in
Fig. 5e, the FTIR spectra of the IO QDs were changed
with the addition of 1000 mM TCy at a pH of 7. The
interaction of TCy with the IO QD groups mainly led
to the shifting of the absorption band located at
1618e1654 cm�1, which can be attributed to C]O
stretching vibration in the pyrrolidone group [39,73].
Moreover, for the subtraction results, the spectra
revealed a peak at 1661 cm�1, implying the forma-
tion of an IO QD/TCy system that engendered band
shifts attributed to C]O stretching vibration. The

Table 1. Comparison of the established method with other reported methods for detection of TCy.

Probe Fluorescence
signal type

Samples Response
time

Linear range LOD Ref.

Metal Organic coordination
framework

Turn-on milk 5 min 0.2e0.6 mM 12 nM [24]

Silicon nanodots (SiNDs)/Eu3þ system Ratiometric water and milk 1 min 0.2e20 mM 3 nM [27]
l-cysteine functionalized CdS

Quantum dots
Turn-off Resticline tablet 5 min 15e600 mM 7.78 mM [23]

Sulfur quantum dots Turn-off milk 1 min 0.1e50 mM 28 nM [25]
inorganic halide perovskite

quantum dots (IPQDs)
Turn-off soil 15 min 0.5e15 mM 76 nM [26]

CDs Ratiometric water N/Aa 0.5e6 mM 0.33 mM [28]
IO QDs Turn-off urine 2 min 0.1e10 mM 91.6 nM This work
a N/A: Not available.

Table 2. Determination of TCy in real samples using the IO QDs.

Analytical parameter Amount found (mM) Added (mM) Total found (mM) Recovery (%) RSD (%)

Intra-day 2.60 ± 0.16 1 3.70 ± 0.03 110.07 ± 2.63 2.39
10 13.01 ± 0.19 104.11 ± 1.88 1.80
100 101.98 ± 1.10 99.38 ± 1.10 1.10

Inter-day 0.659 ± 0.079 1 1.649 ± 0.031 99.067 ± 3.121 3.151
10 10.453 ± 0.172 97.943 ± 1.718 1.754
100 102.567 ± 0.725 101.904 ± 0.725 0.711
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spectra of the IO QDs revealed a peak at 1457 cm�1,
which shifted to 1435 cm�1 and increased in intensity
after the dots interacted with TCy; this peak was
ascribed to CeH bending vibration [39]. Further-
more, two peaks located at 1018 and 1291 cm�1 were
noted to shift to 1011 and 1296 cm�1, respectively,
and were attributed to CeN stretching vibration [39].

Absorption bands were also observed at 1296 cm�1

and were ascribed to CeN bending vibration from
the pyrrolidone structure. The spectra for the sub-
traction results indicated another band at 1428 cm�1,
which was attributed to CeH bending vibration, and
two bands at 1027 and 1282 cm�1, which were
ascribed to CeN stretching vibration. Hydrogen

Fig. 5. (a) Luminescence lifetime of IO QDs in the absence and in the presence of 200 mM TCy. (b) Stern-Volmer plot of IO QDs with TCy, (c)spectral
overlap in FRET, (d) spectral overlap in IFE. (e) FTIR spectra of IO QDs (i), IO QDs/TCy (ii), TCy (iii), and the subtraction result (iv).
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bonding between the IO QDs and TCy led to the
closest Fӧrster distance between these entities,
thereby enhancing the energy transfer between
them. The Fӧrster distance (about 2 nm) facilitates
static FL quenching of IO QDs.

4. Conclusion

This study presents the first successful synthesis
of IO QDs with a quantum yield of 12.37% ± 0.10%
by using the hydrothermal method with PVP as
the passivant. The IO QDs exhibited surface de-
fects caused by abandoned eC]O, CeN, eCH2,
and pyridine groups of PVP, and these defects
constituted the major luminescence mechanism of
the IO QDs. In addition, the IO QDs exhibited
rapid response, simple operation, and high sensi-
tivity and selectivity toward TCy. They could also
detect TCy in the concentration range of

0.1e10 mM, with the corresponding LOD being
91.6 nM. Moreover, TCy strongly quenched the
FL of the IO QDs through static quenching and
inner filter effect. The IO QDs were also used as a
fluorescent sensor to detect TCy in urine samples,
and they achieved remarkable results, demon-
strating this probe's capability for practical
applications.
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Appendix

Fig. S1. (a) temperature stability of IO QDs. (b) photostability of IO QDs (LED: Light-emitting diode, LW: Long wavelength (l¼365 nm), SW: Short
wavelength (l¼265 nm). (c) Ionic strength effects on IO QDs. (d) pH stability of IO QDs. and (e) storage time stability of IO QDs.
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Fig. S2. Effect of (a) pH value (3-11) of IO QDs and IO QDs/TCy system on FL intensity. (b) time reaction (0-30 min) after adding TCy. (c) various
buffers before and after adding TCy on FL quenching ratio (F/F0).

Fig. S3. Luminescence of IO QDs in the presence of various antibiotics under (a) daylight and (b) UV light.
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A possible mechanism for FRET fluorescence
quenching:

The type of quenching and the quenching be-
haviors were investigated by ratio F0/F and the
quenching constant KSV as determined by the
Stern-Volmer plot following the equation [74].

F0/F ¼ Ksv[Q] + 1 ¼ Kqt0[Q] + 1 (1)

where F0 is the fluorescence intensity at a speci-
fied emission wavelength in the absence of a TCy, F
denotes the fluorescence intensity at emission
wavelength, and [Q] is TCy concentration. KSV
represents the Stern-Volmer quenching constant at
emission wavelength, Kq is the quenching rate
constant, and t0 means fluorophore lifetime.
It was found that the Kq was measured to be

3.4*1011 M-1s-1 and it was higher than the maximum
value of the dynamic quenching effect (2.0*1010M-1s-
1) [67] by calculation. This result further prove that the
static quenching effect dominated the fluorescence
quenching. The Fӧrster distance between the donor
and the acceptor was calculated to be 2.1 nm (<10 nm
for an effective FRET) [68]. Fӧrster distance was
calculated using the formula [75]:

R0¼0.02108(k2ɸDh-4J)1/6 nm (2)

where R0 is the Fӧrster distance (in nm), k2 de-
notes dipole orientation factor (2/3) [76] , ɸD denotes
fluorescence quanrum yield of IO QDs, h denotes
refractive index of the solvent, and J denotes the
overlap integral.
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