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Abstract
Residual tetracycline-class antibiotics (TCs) in animal-derived foods pose significant risks to human health, underscoring 
the demand for simple, low-cost, and on-site detection techniques. Herein, a ratiometric luminescent nanoprobe was devel-
oped based on Eu3+-modified zinc gallogermanate (ZGGO) nanoparticles. The addition of tetracycline (TC) enhanced the 
Eu3+ emission at 618 nm via the antenna effect, while the intrinsic emission of ZGGO at 465 nm was quenched through an 
inner filter effect. This dual-response enabled the quantitative detection of TC. The luminescence intensity ratio (I618/I465) 
showed excellent linearity with TC concentration in the range 0.2–70 µmol L− 1 (R2 = 0.9912), with a detection limit of 
169.5 nmol L− 1. Moreover, a smartphone-assisted portable platform was constructed for visual on-site analysis. The R/B 
value correlated linearly with TC concentrations (0.1 to 55 µmol L− 1, R2 = 0.9968), achieving a detection limit of 85.9 
nmol L− 1. The spiked recoveries measured by both methods in three fish samples ranged from 86.1% to 117.8%, and 
the results were reliably verified by the traditional high-performance liquid chromatography method, demonstrating the 
potential of the bimodal strategy for rapid screening of TCs in complex matrix samples.
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A ratiometric luminescent nanoprobe based on Eu³⁺-modified 
zinc gallogermanate for smartphone-assisted visual detection of 
tetracycline in food samples
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aquaculture. However, the overuse of TCs in agriculture 
can lead to the accumulation of tetracycline (TC) residues in 
various food products, including milk, eggs, fish, and meat 
[5], thereby raising concerns about concerns over chronic 
dietary exposure, which is associated with potential health 
risks ranging from tooth discoloration and allergic reactions 
to more severe conditions such as gastrointestinal distur-
bances and liver damage [6]. In response, the U.S. Food 
and Drug Administration has established a tolerance level 
of 2 mg L− 1 (approximately 4.5 µmol L− 1) for TC residues 
in poultry muscle. Therefore, developing methods for the 
rapid and accurate monitoring of tetracycline levels in food 
products is of paramount importance.

Currently, the detection of TCs primarily relies on well-
established techniques such as high-performance liquid 
chromatography (HPLC) [7], gas chromatography [8], 
mass spectrometry [9], and liquid chromatography-mass 
spectrometry method [10]. However, these methods gen-
erally require extensive sample preparation, sophisticated 
instrumentation, and trained operators, thereby restrict-
ing their use predominantly to centralized laboratories. 

Introduction

Tetracycline-class antibiotics (TCs) are broad-spectrum 
agents effective against a wide range of Gram-positive 
and Gram-negative bacteria [1, 2]. Owing to their advan-
tageous properties, including low cost, high antibacterial 
efficacy, good oral bioavailability, and minimal toxicity [3, 
4], TCs are extensively utilized in animal husbandry and 
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Consequently, the development of sensitive, cost-effective, 
and user-friendly sensors is imperative for the rapid detec-
tion of TCs and to address these inherent limitations.

Fluorescence sensing is increasingly favored for the 
detection of TCs due to its operational simplicity, cost-effec-
tiveness, and rapid response [11, 12]. In particular, Eu3+-
based luminescent probes show great promise because of 
their large Stokes shift, long emission lifetime, and narrow 
emission bands [13–15]. The β-diketone structure of TCs 
allows them to coordinate with Eu3+ and sensitize its emis-
sion via the antenna effect, thereby significantly enhancing 
the characteristic Eu3+ luminescence and providing a basis 
for trace detection. Nevertheless, single-signal response 
probes are prone to interference from instrumental and 
environmental factors, limiting their reliability [16]. Ratio-
metric sensing overcomes this drawback by incorporating 
an internal reference for self-calibration, thereby improv-
ing accuracy and selectivity [17, 18]. Another advantage of 
ratiometric probes is their capacity to produce visible color 
changes, enabling straightforward naked-eye assessment 
[19]. Moreover, integration with smartphone technology 
has recently enabled the creation of effective portable plat-
forms for on-site quantitative analysis [20–22].

Zinc gallogermanate, a solid solution formed by two 
well-studied oxides-ZnGa2O4 spinel and Zn2GeO4 willem-
ite-has emerged as a novel oxide phosphor exhibiting prop-
erties superior to those of pure ZnGa2O4 or Zn2GeO4 [23]. 

For instance, Cr3+-doped Zn3Ga2Ge2O10, which features 
ultralong super-long near-infrared persistent luminescence, 
has been successfully applied in bioimaging [24, 25]. In our 
previous work, various optical sensing platforms were con-
structed based on Cr3+-doped zinc gallogermanate persistent 
luminescence nanomaterials [26], demonstrating that zinc 
gallogermanate is a promising luminescent nanomaterial 
with chemical stability, tunable luminescence, and ease of 
synthesis and functionalization. On the other hand, undoped 
zinc gallogermanate with blue luminescence is also a highly 
effective phosphor. It can serve as an ideal internal reference 
and a stable host matrix for Eu3+ modification-an applica-
tion that, to the best of our knowledge, has not yet been 
reported.

In this work, we synthesized a Eu3+-modified zinc gal-
logermanate nanomaterial (ZGGO-Eu3+), which serves as 
a ratiometric luminescent probe for the rapid, sensitive, and 
visual detection of TC, as illustrated in Scheme 1. Unlike 
previously reported single-emission probes or physically 
mixed dual-emission sensing systems, the proposed ZGGO-
Eu3+ nanoprobe integrates the intrinsic blue emission of 
ZGGO and the TC-responsive red emission of surface-coor-
dinated Eu3+ within one nanoplatform. Upon the addition of 
TC, the Eu3+ emission at 618 nm was dramatically enhanced 
via the antenna effect, while the intrinsic luminescence of 
the ZGGO matrix at 465  nm was concurrently quenched 
due to the inner filter effect (IFE). These opposite emission 

Scheme 1  Schematic illustration of ZGGO-Eu3+ synthesis and dual-platform detection for TC
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changes generated a self-calibrated ratiometric signal, 
enabling reliable TC quantification based on the lumines-
cence intensity ratio I618/I465. A linear relationship between 
I618/I465 and TC concentration was established using a spec-
trofluorometer. Leveraging the distinct color transition from 
blue to red under UV irradiation, the ratiometric response 
was further coupled with smartphone-assisted RGB anal-
ysis to construct a low-cost and portable visual detection 
platform. This integrated probe design and readout strategy 
highlight the novelty and practical applicability of the pro-
posed method for on-site screening of TC residues in food 
samples.

Experimental

Materials and instrumentation

This section has been presented in detail in the Supporting 
Information.

Synthesis of ZGGO and ZGGO-Eu3+

This section has been presented in detail in the Supporting 
Information.

Fluorescence spectrophotometer-based 
detection of TC

To construct the calibration curve, 900 µL Tris-HCl buffer 
(50 mM, pH 8.5) containing the ZGGO-Eu3+ probe (1 mg 
mL− 1) was mixed with 100 µL TC standard solutions at dif-
ferent concentrations, giving final TC concentrations rang-
ing from 0 to 90 µmol L− 1. After incubation for 10  min, 
fluorescence spectra were recorded over the range of 450–
700 nm under excitation at 254 nm using an LP450 filter, 
and the fluorescence intensities at 465 and 618  nm were 
recorded. Each experiment was independently repeated 
three times, and the results were expressed as the mean val-
ues. The calibration curve was established by plotting the 
luminescence intensity ratio (I618/I465) against the TC con-
centration, thereby establishing a ratiometric fluorescence 
method for quantitative TC detection.

Smartphone-assisted visual detection of TC

A 180 µL aliquot of ZGGO-Eu3+ solution (1 mg mL− 1) was 
added to a black 96-well plate, followed by the addition of 
20 µL TC standard solutions with different concentrations 

to obtain final TC concentrations ranging from 0 to 75 µmol 
L− 1. After incubation 10 min, the well plate was placed in the 
visual platform (Fig. S1), where the fixed distance between 
the well plate and the UV lamp was 10 cm. Luminescence 
images were then captured using a smartphone (iPhone 
15) in the native camera mode with 2× optical zoom. The 
RGB values of the fluorescence images in each well were 
extracted using Adobe Photoshop 2021, and the red-to-blue 
channel ratio (R/B) was calculated. Each experiment was 
independently repeated three times, and the results were 
expressed as the mean values. The calibration curve was 
constructed by plotting the R/B value against the TC con-
centration, thereby establishing a visual quantitative detec-
tion method based on smartphone image analysis.

Selectivity and anti-interference 
experiments

In order to evaluate the selectivity and anti-interference 
ability of the ZGGO-Eu3+ fluorescent probe, common inter-
fering substances found in biological samples were selected 
[27], including NaCl (Na+), KCl (K+), CaCl2 (Ca2+), MgCl2 
(Mg2+), FeCl3 (Fe3+), CuCl2 (Cu2+), Zn(NO3)2 (Zn2+), his-
tamine (Hist), glutamate (Glu), cysteine (Cys), methionine 
(Met), arginine (Arg), serine (Ser), phenylalanine (Phe), 
oxytetracycline (OTC), doxycycline (DOX), enrofloxacin 
(ENR), norfloxacin (NOR), and ciprofloxacin (CIP). The 
concentration of the interfering substances was 200 µmol 
L− 1 each and TC was 20 µmol L− 1. All other experimental 
conditions are described in the sections “Fluorescence spec-
trophotometer-based detection” and “Smartphone-assisted 
visual detection”.

Analysis of TC in real samples

Live crucian carp (Carassius auratus), perch (Lateolabrax 
japonicus) and Wuchang bream (Megalobrama ambly-
cephala) were purchased from a local wet market. Sample 
pretreatment is described in the Supporting Information. 
Aliquots (100 µL) of TC standard solutions at different 
concentrations were added to 900 µL of the pretreated fish 
sample extracts containing the ZGGO-Eu3+ probe (1  mg 
mL− 1). The subsequent fluorescence measurements were 
performed under the same conditions as those described 
in “Fluorescence spectrophotometer-based detection of 
TC”. For smartphone-assisted visual detection, 180 µL of 
the pretreated fish sample extract containing ZGGO-Eu3+ 
probe (1  mg mL− 1) was first dispensed into each well of 
a 96-well plate, followed by the addition of 20 µL of TC 
standard solution at different concentrations. The imaging 
and RGB analysis procedures were performed under the 
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same conditions as those described in “Smartphone-assisted 
visual detection of TC”.

Results and discussion

Synthesis and characterization of ZGGO-Eu3+ 
nanoprobe

White ZGGO (Fig S2) was synthesized via a solvothermal 
method. XRD pattern of the product (Fig S3) indicated 
that the obtained sample was a mixed phase composed of 
ZnGa2O4 and Zn2GeO4 [28]. TEM images (Fig. 1A) showed 
that the ZGGO particles were generally quasi-ellipsoidal, 
with a certain degree of size variation. Statistical analysis 
of 100 randomly selected nanoparticles revealed an average 
particle size of approximately 49.9 ± 20.4 nm (Fig S4). The 
HRTEM image (Fig. 1B) displayed clear lattice fringes with 

an interplanar spacing of approximately 0.29  nm, which 
could be indexed to the (220) plane of ZnGa2O4 with a cubic 
spinel structure.

The functionalization proceeded through sequential 
surface reactions. Anchoring of APTES produced amine-
terminated ZGGO. These amine groups then underwent 
condensation with citric acid molecules, effectively tether-
ing them on the surface. The carboxylic acid moieties of 
the grafted citric acid ultimately facilitated the coordina-
tion and stable immobilization of Eu3+, forming the final 
ZGGO-Eu3+ probe. FTIR spectra (Fig.  1C) revealed the 
changes upon different modification. An absorption band at 
3260 cm-1, assigned to the N-H stretching vibration, and an 
asymmetric stretching vibration band of -CH2- at 2938 cm-1 
were observed after APTES treatment. Meanwhile, the 
O-Si-O stretching vibration bands at 1029 and 1126  cm-1 
further confirmed the successful introduction of APTES 
onto the material surface [29]. The presence of absorption 

Fig. 1  (A) TEM image of ZGGO, the inset shows a magnified TEM 
image of ZGGO nanoparticles. (B) HRTEM image of ZGGO, the inset 
shows the lattice fringes. (C) FT-IR spectra of ZGGO, ZGGO-NH2, 

ZGGO-Cit and ZGGO-Eu3+. (D) Zeta potentials of ZGGO, ZGGO-
NH2, ZGGO-Cit and ZGGO-Eu3+
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peaks at 1643 cm-1 and 1398 cm-1, which are attributed to 
the asymmetric and symmetric stretching vibrations of the 
-COO- group [30, 31], respectively, confirms the success-
ful grafting of citric acid onto the nanomaterial surface. The 
subsequent attenuation of the peak at 1643 cm-1 in the final 
ZGGO-Eu3+ spectrum indicated the coordination of Eu3+ 
ions with carboxylate groups [32], thereby validating the 
successful assembly of the probe.

Zeta potential measurements (Fig. 1D) tracked the sur-
face charge changes. The initial negative potential of ZGGO 
(-27.5 mV) was converted to a positive value (+ 17.5 mV) 
after APTES grafting, confirming successful amination. 
Subsequently, coupling with citric acid decreased the poten-
tial to + 8.4 mV, due to the introduction of carboxyl groups. 
Finally, the chelation of Eu3+ ions increased the potential to 
+ 12.1 mV, attributed to the binding of the positively charged 
metal ions [33]. ICP-MS was used to compare the elemen-
tal compositions of ZGGO and ZGGO-Eu3+. As shown in 
Table S1, Zn, Ga, and Ge were detected in both samples, 
whereas Eu was not detected in pristine ZGGO. In contrast, 
an obvious Eu signal was observed in ZGGO-Eu3+, with a 
concentration of 16.87 ppb, confirming the successful intro-
duction of Eu3+ into the ZGGO system.

Mechanism of TC response by using ZGGO-Eu3+

To elucidate the ratiometric fluorescence response mecha-
nism of the ZGGO-Eu3+ probe toward TC, spectral overlap, 
fluorescence lifetime, fluorescence response, and surface 

charge variation were systematically investigated. The 
results demonstrate that TC induced opposite changes in the 
dual-emission signals, namely the attenuation of the blue 
emission from the ZGGO matrix and the enhancement of 
the characteristic red emission of Eu3+. The decrease in the 
blue emission was mainly attributed to the primary IFE. As 
shown in Fig. 2A, TC exhibits a broad absorption band in the 
range of 200–400 nm, which substantially overlapped with 
the excitation spectrum of ZGGO-Eu3+. To quantitatively 
assess this overlap, the normalized excitation spectrum of 
ZGGO-Eu3+ and the UV absorption spectrum of TC were 
integrated, and the overlap ratio was calculated as follows:

Overlap ratio (%) =
´ λ2

λ1
Soverlap(λ)d?´ λ2

λ1
Sex(λ)d?

× 100%

where Sex(λ) represents the normalized excitation spectrum 
of ZGGO-Eu3+, and Soverlap(λ) denotes the overlapping 
region between the TC absorption spectrum and the ZGGO-
Eu3+ excitation spectrum. Within the range of 200–350 nm, 
the integrated area of the ZGGO-Eu3+ excitation spectrum 
was 43.82, while that of the overlapping region was 38.21, 
giving an overlap ratio of approximately 87.2%. This high 
overlap ratio provides direct quantitative evidence for the 
primary IFE. In contrast, TC showed only weak absorbance 
near the blue emission peak of ZGGO at 465 nm, indicating 
that reabsorption of the emitted light was limited and that 
the secondary IFE was not predominant. Moreover, the UV 

Fig. 2  (A) The excitation spec-
trum of ZGGO-Eu3+and UV-vis 
absorption spectrum of differ-
ent solutions (single TC, single 
ZGGO-Eu3+ and ZGGO-Eu3+ 
with TC) (the concentrations 
of ZGGO-Eu3+ and TC were 
1 mg mL− 1 and 0.1 mg mL− 1, 
respectively). (B) Fluorescence 
lifetime of ZGGO-Eu3+ (1 mg 
mL− 1) in the absence / presence 
of TC (10 µmol L− 1). (C) The 
emission spectra of different solu-
tions (Eu3+, ZGGO, ZGGO-Eu3+, 
ZGGO with TC and ZGGO-Eu3+ 
with TC) under the excitation 
of 254 nm with a longpass filter 
450 nm (the concentrations of 
Eu3+, ZGGO, and ZGGO-Eu3+ 
were all 1 mg mL− 1, and the 
concentration of TC was 10 µmol 
L− 1). (D) Zeta potential of TC 
and ZGGO-Eu3+ with TC

 



1 3

  386   Page 6 of 11 Microchimica Acta         (2026) 193:386 

absorption spectrum of the ZGGO-Eu3+/TC system retained 
the main absorption features of TC without any distinct new 
absorption band, indicating that the IFE mainly originates 
from the intrinsic UV absorption of TC rather than from 
newly formed absorbing species. As shown in Fig. 2B, the 
fluorescence lifetimes of ZGGO-Eu3+ changed only slightly 
after interaction with TC, from 29.5 to 26.6 µs. Such a minor 
lifetime variation indicates that dynamic quenching is not 
the dominant pathway, further supporting an IFE-dominated 
attenuation process.

The TC-induced enhancement of the red emission at 
618 nm is mainly related to Eu3+ sensitization rather than the 
ZGGO matrix itself. As shown in Fig. 2C, pristine ZGGO 
showed no obvious emission enhancement at 618 nm after 
interaction with TC, indicating that the ZGGO matrix alone 
cannot generate the red fluorescence response. Therefore, 
the introduction of Eu3+ luminescent centers is essential for 
constructing the 618 nm response signal. Although the Eu3+/
TC complex exhibited only weak luminescence, likely due 
to nonradiative energy dissipation caused by coordinated 
water molecules, the Eu3+ emission was markedly enhanced 
after Eu3+ was immobilized on citric acid-modified ZGGO. 
This enhancement indicates that the citric acid moiety on 
ZGGO surface provide a more rigid and favorable coor-
dination microenvironment for Eu3+, thereby effectively 
sensitizing its luminescence via the antenna effect. After 
interaction with TC, the ZGGO-Eu3+ probe exhibited a 
dual-emission profile, with the emission at 465  nm origi-
nating from the ZGGO matrix and the peaks at 591, 618, 
and 652 nm corresponded to the characteristic 5D0 → 7F1−3 
transitions of Eu3+ [34]. The interaction between TC and 
ZGGO-Eu3+ was further supported by zeta potential analy-
sis. As shown in Fig. 2D, the zeta potentials of TC, ZGGO-
Eu3+, and the ZGGO-Eu3+/TC system were − 4.46, + 12.13, 
and + 9.07 mV, respectively. After TC addition, the surface 
potential decreased from + 12.13 to + 9.07 mV, indicating 
electrostatic interaction between negatively charged TC 
and the positively charged ZGGO-Eu3+ probe. This interac-
tion promotes the enrichment of TC on the probe surface 
and facilitates its coordination with Eu3+ through oxygen-
containing functional groups, providing the spatial prox-
imity required for efficient TC-to-Eu3+ energy transfer and 
enhanced red emission.

In summary, the response mechanism of the ZGGO-
Eu3+ probe toward TC mainly involves two processes. On 
the one hand, TC weakens the effective excitation of the 
ZGGO matrix through a primary IFE, thereby decreasing 
its blue emission. On the other hand, TC can be enriched on 
the probe surface via electrostatic adsorption and coordinate 
with Eu3+ through the oxygen-containing functional groups 
in its molecular structure, consequently sensitizing the char-
acteristic red emission of Eu3+. These dual effects result 

in a ratiometric response of the ZGGO-Eu3+/TC system, 
characterized by decreased blue emission and enhanced red 
emission, providing a mechanistic basis for the ratiometric 
fluorescence detection of TC.

Optimization and optical properties of ZGGO-Eu3+

The ZGGO-Eu3+ nanomaterial was employed as a dual-
emission ratiometric probe for TC sensing. To achieve 
optimal analytical performance, the reference emission 
wavelength, buffer pH, and incubation time were optimized. 
The emission maximum of the probe was found to shift with 
changes in instrumental voltage and probe concentration 
(Fig S5A, S5B), whereas the emission at 465 nm remained 
relatively stable and was therefore selected as the reference 
signal. Accordingly, the I618/I465 ratio was used for all sub-
sequent quantitative analyses. The effect of buffer pH was 
investigated, and the maximum I618/I465 ratio was observed 
at pH 8.5 (Fig. 3A). Finally, the reaction kinetics showed 
that the I618/I465 ratio increased with incubation time and 
reached a plateau at 10 min (Fig.  3B), indicating that the 
interaction between the probe and TC had reached equi-
librium. Thus, pH 8.5 and incubation time of 10 min were 
selected as the optimal conditions for further experiments.

Stability analysis of the ZGGO-Eu3+ probe

To evaluate the stability of the ZGGO-Eu3+ probe, differ-
ent testing conditions were investigated, including inter‑day 
(Fig S6A), batch‑to‑batch (Fig S6B), intra‑day (Fig S6C), 
and various temperatures (Fig S6D). The I618/I465 ratio 
remained relatively stable during storage over five consecu-
tive days, continuous testing within 10 h, and analysis of 
five independently prepared batches, with only small devia-
tions observed. These results indicate that the probe exhibits 
good storage stability, intra-day stability, and batch-to-batch 
reproducibility. In addition, the ratiometric fluorescence sig-
nal showed only slight increase over the temperature range 
from 4 to 45 ℃, suggesting good tolerance to temperature 
changes. Overall, these results demonstrate that the ZGGO-
Eu3+ probe possesses satisfactory stability and is suitable for 
reliable analytical detection.

Performance of the ZGGO-Eu3+ nanoprobe for TC 
detection

The sensing performance of the ZGGO-Eu3+ probe was first 
evaluated with a fluorescence spectrophotometer. As shown 
in Fig. 4A, under 254 nm excitation, the emission intensity 
at 618 nm gradually increased with increasing TC concen-
tration, while the emission intensity at 465  nm decreased 
simultaneously, confirming the dual-signal ratiometric 
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response of the probe. At TC concentrations above 70 
µmol L-1, the 618 nm emission began to decline, probably 
because excessive TC absorbed a large fraction of the exci-
tation light, thereby limiting the effective excitation and 
sensitization of Eu3+. Therefore, the linear range was 0.2–70 
µmol L-1. Within this range, the fluorescence intensity ratio 
I618/I465 showed good linearity toward TC concentration 
(Fig. 4B), following the equation y = 0.0229x + 0.4567 and 
R2 = 0.9912. The precision of the developed ratiometric flu-
orescence method for eleven replicate detections of 10 µmol 
L-1 TC was 1.7% relative standard deviation (RSD) (Table 
S2). The limit of detection (LOD) and limit of quantification 
(LOQ) were calculated as follows:

LOD = 3σ
k

LOQ = 10σ
k

where σ is the standard deviation of the blank signal obtained 
from 12 independent blank measurements (n = 12), and k is 
the slope of the calibration curve. The LOD and LOQ were 
calculated to be 169.5 nmol L-1 and 565.0 nmol L-1, respec-
tively. The obtained LOD is lower than the maximum resi-
due limits set by the EU and China (0.225 µmol L-1), and 
is also lower than many previously reported fluorescence 
methods for TC detection (Table S3).

For visual and on-site application, the fluorescence 
color response of the nanoprobe was further investigated. 

Fig. 4  (A) Fluorescence spectra 
of ZGGO-Eu3+ containing TC 
concentrations of 0–90 µmol L-1. 
(B) The linear curve fitting rela-
tionship between I618/I465 and TC. 
(C) Fluorescence color images 
of ZGGO-Eu3+ containing TC 
concentrations of 0–75 µmol L-1 
under 254 nm UV excitation. (D) 
The linear curve fitting relation-
ship between R/B and TC

 

Fig. 3  (A) Effect of pH on the 
I618/I465 of ZGGO-Eu3+ with TC. 
(B) Effect of response time on the 
I618/I465 of ZGGO-Eu3+ with TC. 
(The concentrations of ZGGO-
Eu3+ and TC were 1 mg mL− 1 
and 10 µmol L− 1, respectively)
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Under 254 nm UV irradiation, the probe solution showed a 
TC concentration-dependent fluorescence color evolution, 
arising from the enhanced red Eu3+ emission and weak-
ened blue ZGGO emission. This visible change enabled 
semi-quantitative naked-eye screening of TC. However, 
when the TC concentration exceeded 55 µmol L-1, the 
red fluorescence response tended to reach saturation, and 
no obvious further color change was observed (Fig. 4C). 
To achieve quantitative analysis, a smartphone-assisted 
platform based on RGB analysis was constructed. A good 
linear relationship between the R/B value and TC concen-
tration was obtained over the range of 0.1–55 µmol L-1 
(Fig.  4D), following the equation y = 0.0377x + 0.3645 
with R2 = 0.9968. The precision of the smartphone-assisted 
visual method for eleven replicate detections of 10 µmol 
L-1 TC was 3.1% relative standard deviation (RSD) (Table 
S2). Similarly, each concentration was measured in tripli-
cate (n = 3), and the LOD and LOQ were calculated using 
the standard deviation of 12 blank measurements (n = 12). 
The smartphone-based method provided an LOD of 85.9 
nmol L-1 and an LOQ of 286.3 nmol L-1. As summarized 
in Table S4, this portable platform provides competitive 
analytical performance for on-site visual quantification 
of TC, especially in terms of sensitivity and operational 
convenience.

Selectivity and anti-interference ability of ZGGO-
Eu3+ for TC detection

The specificity of the ZGGO-Eu3+ nanoprobe was evaluated 
by examining its fluorescence intensity to various potential 
interferents. As illustrated in Fig. 5A, a pronounced increase 
in the I618/I465 ratio was observed only for tetracycline-class 
antibiotics, including TC, OTC and DOX, whereas non-
tetracycline antibiotics, including NOR, ENR and CIP, 
induced only negligible signal changes. These results dem-
onstrate that the ZGGO-Eu3+ nanoprobe exhibits good spec-
ificity toward TCs. The anti-interference capability of the 
nanoprobe was further assessed in the presence of common 
coexisting substances, such as metal ions (Na+, K+, Ca2+, 
Mg2+, Cu2+, Fe3+, Zn2+), amino acids (Glu, Cys, Met, Phe, 
Ser, Arg) and Hist. As shown in Fig. 5B, the TC-induced 
fluorescence response was well maintained in the presence 
of most interferents, demonstrating good anti-interference 
capability. The slight signal decrease observed in the pres-
ence of Cu2+ and Fe3+ may be related to their possible com-
plexation or oxidative interaction with TC, which could 
partially affect TC-mediated Eu3+ sensitization.

The visual and RGB responses of the smartphone-
assisted platform were also assessed. As shown in Fig. 5C, 
tetracycline-class antibiotics, particularly TC and DOX, 

Fig. 5  (A) Fluorescent responses 
of ZGGO-Eu3+ to TC and other 
antibiotics (concentration of 
each antibiotic was 10 µmol L-1). 
(B) Fluorescent responses of 
ZGGO-Eu3+ to other interferen-
tial substances in the absence and 
presence of TC (10 µmol L-1). 
(C) Fluorescence color images 
of ZGGO-Eu3+ in the presence of 
10 µmol L-1 interfering substance 
concentrations under 254 nm UV 
excitation. (D) R/B responses 
of ZGGO-Eu3+ to TC and other 
interferential substances (10 
µmol L-1)
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produced an obvious red fluorescence response that was 
readily distinguishable from the blank by the naked eye. In 
contrast, CIP and NOR showed different fluorescence col-
ors, while ENR and most common ions, amino acids, and 
histamine caused no apparent color change. Consistently, 
TC produced the highest R/B value, whereas most inter-
ferents gave much lower values close to the blank level 
(Fig. 5D). Although CIP caused a slight increase in the R/B 
value, its response remained clearly lower than that of TC. 
These results demonstrate that the smartphone-assisted 
visual platform provides good visual discrimination and 
anti-interference performance for rapid TC screening.

Validation and application to real samples

TCs were detected in all three commonly consumed fish 
species including perch, crucian carp, and Wuchang bream, 
using the developed fluorescence and smartphone-assisted 
visualization methods (Table  1). To validate the reliabil-
ity of the proposed methods, the same samples were also 
analyzed by HPLC as a reference method. Representative 
HPLC chromatograms showed well-defined TC peaks in the 
fish samples, with retention behavior consistent with that of 
the TC standard and no obvious matrix interference (Fig S7, 
Fig S8). As summarized in Table 1, the TC concentrations 
determined by the proposed fluorescence and visualization 
methods were in highly consistent with those obtained by 
HPLC. Paired t-tests further confirmed this agreement, as 
the p values for both the fluorescence method versus HPLC 

and the visualization method versus HPLC were greater 
than 0.05 (Table S5), indicating no statistically significant 
difference between the proposed methods and HPLC. In 
addition, spike-and-recovery experiments were performed 
at three concentration levels of 5, 20, and 50 µmol L− 1. The 
recoveries ranged from 93.3% to 117.4% for the fluores-
cence method and from 86.1% to 117.8% for the visualiza-
tion method (Table 2), demonstrating acceptable accuracy 
in real-sample analysis. These results confirm that the pro-
posed fluorescence and smartphone-assisted visualization 
methods are reliable and practically applicable for TCs 
determination in fish samples. (The detailed data for the real 
samples are presented in Table S6 and Table S7)

Conclusion

A ZGGO-Eu3+-based dual-readout ratiometric nanoprobe 
was proposed for the sensitive, convenient, and on-site-
oriented detection of TCs in food samples. The nanoprobe 
was constructed through sequential surface functionaliza-
tion of ZGGO, which provided stable coordination sites 
for Eu3+ immobilization. Upon interaction with TC, the 
antenna effect between TC and Eu3+ enhanced the emis-
sion at 618 nm of Eu3+, while the primary inner filter effect 
attenuated the ZGGO matrix emission at 465 nm, enabling 
ratiometric fluorescence detection based on two oppositely 
varying signals. By integrating the fluorescence response 
with smartphone-based RGB analysis, a portable visual 
sensing platform was established for rapid TCs screening 
without reliance on large laboratory instruments. The pro-
posed methods exhibited a wide linear range, low detection 
limit, and satisfactory analytical accuracy in real-sample 
analysis. When applied to three commonly consumed fish 
species, the results were consistent with those obtained 
by HPLC, and the recoveries for spiked samples ranged 
from 86.1% to 117.8%, well within the acceptable range. 
Owing to its simple operation, short response time, and low 
equipment requirement, this strategy shows promise for 
cost-effective field screening and future development into 
portable detection kits for animal-derived food safety moni-
toring. Nevertheless, standardized sample pretreatment, 

Table 1  TCs detection results with the proposed fluorescence and visu-
alization methods were validated by HPLC
Samples TCs concentration found (µmol L− 1, 

Mean ± SD, n = 3)
Fluorescence 
method

Visual-
ization 
method

HPLC

Crucian carp-1 2.33 ± 0.18 2.39 ± 0.31 2.25 ± 0.12
Crucian carp-2 1.42 ± 1.28 1.49 ± 0.25 1.40 ± 0.02
Perch-1 1.89 ± 0.15 1.96 ± 0.19 1.82 ± 0.08
Perch-2 1.56 ± 0.25 1.60 ± 0.31 1.56 ± 0.09
Wuchang bream-1 1.49 ± 0.08 1.50 ± 0.34 1.44 ± 0.01
Wuchang bream-2 1.61 ± 0.61 1.69 ± 0.08 1.68 ± 0.04

Table 2  Spike recoveries of TC in fish samples by fluorescence and visualization methods
Samples Recovery (%, Mean ± SD, n = 3)

Fluorescence method Visualization method
5 μmol L-1 20 μmol L-1 50 μmol L-1 5 μmol L-1 20 μmol L-1 50 μmol L-1

Crucian carp-1 103.6 ± 8.1 99.1 ± 1.6 100.7 ± 5.0 117.8 ± 1.9 94.5 ± 1.7 86.1 ± 4.6
Crucian carp-2 106.5 ± 2.1 103.4 ± 5.5 93.3 ± 6.3 117.6 ± 1.3 91.8 ± 1.5 107.7 ± 9.1
Perch-1 106.8 ± 5.4 103.6 ± 1.5 117.4 ± 2.9 94.5 ± 4.3 98.3 ± 2.9 96.6 ± 6.6
Perch-2 104.4 ± 6.3 105.9 ± 3.6 111.6 ± 2.8 106.9 ± 1.7 102.6 ± 1.7 96.6 ± 5.6
Wuchang bream-1 99.8 ± 2.9 98.7 ± 0.3 97.1 ± 3.3 112.3 ± 8.4 95.9 ± 4.2 98.9 ± 2.0
Wuchang bream-2 106.6 ± 9.2 94.1 ± 4.7 105.3 ± 3.7 113.4 ± 6.3 111.8 ± 2.2 106.5 ± 3.6
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controlled imaging conditions, integrated device design, 
and validation with more diverse real samples should be fur-
ther addressed before routine application. Overall, this work 
provides a reliable and practical ratiometric sensing strategy 
for TCs monitoring in animal-derived foods.
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