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The overuse and improper disposal of tetracyclines raise significant environmental and public health con-
cerns due to their persistent ecotoxicological effects. However, there is still a lack of simple, readily
available, and effective method for simultaneously detecting multiple tetracyclines. Herein, we present
a simple fluorescent sensor array for the detection and identification of multiple tetracyclines (includ-
ing tetracycline, oxytetracycline, chlortetracycline, and doxycycline) based on host-guest recognitions be-
tween albumin (host) and tetracycline (guest). Upon entering the hydrophobic cavity of albumin, tetra-
cycline exhibits a significant enhancement in its intrinsic fluorescence. The differential binding affinity of
two albumins to four tetracyclines resulted in different fluorescent responses, creating distinct fluores-
cence patterns for each tetracycline. With the assistance of machine learning technique, including linear
discriminant analysis (LDA) and hierarchical cluster analysis (HCA), this sensor array demonstrated the
significant discrimination and classification capabilities for four common tetracyclines and their mixtures
with 100% accuracy. Additionally, the array has been successfully applied to differentiate tetracyclines
in real food samples. The spiked antibiotics in water sample were determined with a satisfactory recov-
ery of 96.33%-106.5%. This work offers a simple but promising method for differentiating tetracycline
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antibiotics and presents a versatile strategy for sensor array design.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetracyclines, including tetracycline (TC), oxytetracycline (OTC),
chlortetracycline (CTC), and doxycycline (DOC), are broad-spectrum
antibiotics effective against bacteria, atypical pathogens, and proto-
zoan [1-3]. Their potent antibacterial properties drive widespread
use in agriculture, aquaculture, and livestock industries. However,
>75% of tetracyclines residues are excreted in active form into
the environment through urine, feces, and manure from animal af-
ter medication [4]. The residues of these tetracyclines in the envi-
ronment fosters the proliferation and spread of antibiotic-resistant
bacteria and superbugs, significantly increasing the difficulty and
challenges faced by the healthcare system in managing infectious
diseases [5]. On the other hand, different types of tetracyclines
have different physicochemical properties (Table S1 in Support-
ing information), leading to variations in their toxicity [6,7]. Thus,
the maximum residue limits (MRLs) for different tetracyclines vary
significantly. For example, China stipulated the maximum sewage
discharge of TCs for pharmaceutical industry, with 1.634 mmol/L
for TC, 2.729 mmol/L for OTC, and 1.183 mmol/L for CTC (GB8978-
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1996). Therefore, there is an urgent need to develop a method ca-
pable of accurate detection and differentiation of tetracyclines.
Current analytical methods for tetracyclines detection, including
enzyme-linked immunosorbent assays [8], capillary electrophoresis
[9], surface-enhanced Raman scattering [10], fluorescence [11,12],
and high-performance liquid chromatography [13], demonstrate
high sensitivity but require repetitive operations for comprehen-
sive analysis, significantly complicating multi-tetracycline detection
procedures. The emergence of sensor array has addressed this chal-
lenge, offering a more comprehensive and versatile approach [14-
17]. Sensor array, inspired by mammalian gustatory and olfactory
systems, can provide an unique fingerprint pattern recognition for
multitarget analytes [18-25]. Using pattern recognition algorithms,
such as linear discriminant analysis (LDA) and hierarchical clus-
ter analysis (HCA), these fingerprint patterns can be classified into
distinct clusters, enabling effective discrimination and classifica-
tion [26,27]. Recently, several fluorescent sensor arrays for tetracy-
clines have been reported, the detection of a single tetracycline and
identification of different types of tetracyclines have been achieved
(Table S2 in Supporting information) [28-35]. However, a simple,
labor-saving, and easily accessible sensor array method that allows
for the accurate distinction of different tetracyclines is still lacking.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. (a) The binding reaction between tetracyclines and albumins. (b)
Schematic diagram of the albumin-based sensor array for tetracyclines discrimina-
tion.

Herein, we report an easily accessible sensor array that con-
tains two common natural albumins. Previous research has demon-
strated that the fluorescence of tetracyclines increases significantly
when they form a complex with albumin through host-guest re-
action, because tetracycline antibiotics can enter the hydrophobic
binding cavities of albumin, limiting their rotation [36-38]. Based
on this principle, we selected human serum albumin (HSA, pur-
chased from the Sigma Aldrich) and bovine serum albumin (BSA)
as sensing elements, due to their structural sequence difference of
approximately 24% (Scheme 1a) [39,40]. Moreover, two albumins
are readily accessible commercially and are available at a low cost.
The binding interaction of these tetracyclines with albumins modu-
lated the fluorescent response of the array, resulting in distinct flu-
orescent signals for each tetracycline species. Assisted by machine
learning technique, this simple sensor array enables the simulta-
neous detection of four tetracycline species, as well as the recog-
nition of different mixing ratios and the quantification of individ-
ual tetracycline species (Scheme 1b). Finally, this array successfully
discriminated between different tetracycline species in real sam-
ples.

To confirm the albumin-based sensor array’s effectiveness, we
firstly studied the fluorescence spectra of tetracyclines binding to
albumin. Each tetracycline species has multiple hydroxyl groups
that allow it to bind to albumin (Fig. 1a). Figs. 1b-e reveals that
tetracyclines exhibit minimal fluorescence in phosphate buffered
saline (PBS) buffer but show an increase upon addition of albu-
min, due to the binding between tetracycline and the hydropho-
bic pocket of albumin. Notably, different fluorescence responses of
tetracycline species to albumins were observed, due to different
binding modes. Previous studies have demonstrated that tetracy-
cline exhibits different binding constants with two albumins (Ta-
ble S3 in Supporting information). To explore the binding inter-
actions, we employed the molecular docking technique. Previous
studies show tetracycline primarily binds to the IIA domain of al-
bumin [11]. The docking results indicated that tetracycline under-
goes conformational changes when entering the hydrophobic cavi-
ties of the two albumins (Figs. 1f and g, Fig. S1 in Supporting in-
formation). As illustrated in Fig. S2 (Supporting information), there
are significant differences in the binding energies between dif-
ferent tetracyclines and albumin. Meanwhile, the hydrogen bonds
formed by tetracyclines within the cavity vary depending on the
specific type of tetracycline. The varying amino acid environments
lead to unique fluorescence traits in the complexes, highlighting
the different binding interactions of tetracycline toward albumins.
After assessing the fluorescence response of tetracyclines with two
albumins, we developed an albumin-based sensor array to differ-
entiate between tetracycline species (Fig. 1h).

The detection performance of the array for tetracyclines was
evaluated using the maximum fluorescence intensity of albumin-
tetracycline complexes. Fig. 2a demonstrates that HSA and BSA
produce distinct fluorescent responses to four different tetracy-
clines at a concentration of 20 pmol/L. The heatmap shows the
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unique fingerprints of these tetracycline species, enabling effective
differentiation (Fig. 2b and Fig. S3 in Supporting information). The
response patterns matrix (2 elements x 4 analytes x 5 replicates)
was analyzed using LDA and HCA. Fig. 2c shows the LDA plot of
the array, which produced four distinct clusters, achieving 100%
classification accuracy for each tetracycline, as confirmed by cross-
validation (Tables S4 and S5 in Supporting information). The HCA
plot also correctly grouped all data without misclassification (Fig.
2d). Following the successful detection, we lowered the tetracy-
cline concentration from 20 pmol/L to 3 pmol/L to test the identi-
fication capability of the array. Distinct heatmaps for each tetracy-
cline concentration were generated and analyzed using LDA (Figs.
2e-g) and HCA (Fig. S4 in Supporting information). The analysis
showed that all four tetracyclines were accurately distinguished
without overlap, achieving 100% accuracy (Tables S6-S13 in Sup-
porting information). These results highlight the strong ability of
the array to discriminate between tetracyclines. Furthermore, two
blind samples were used to further assess the predictive capability
of the array for unknown samples. The two blind samples exhib-
ited distinct fluorescent responses (Fig. 2h), and the raw data were
accurately classified using an HCA plot (Fig. 2i). As illustrated in
Fig. 2j, the two samples were correctly identified through an LDA
plot (Table S14 in Supporting information). The aforementioned re-
sults indicate that the arrays can be used for the discrimination of
unknown samples.

To assess the quantitative detection capabilities of the designed
array, we recorded its fluorescence responses to individual tetra-
cyclines at various concentrations, as shown in the radar charts
(Fig. 3a and Fig. S5 in Supporting information). The array exhib-
ited distinct responses to four different tetracycline species. Unique
heatmaps for each tetracycline species were also generated (Fig. 3b
and Fig. S6 in Supporting information). The LDA plot demonstrated
that TC at different concentrations were accurately clustered with-
out overlap (Fig. 3c). LD1 effectively described the distribution pat-
tern of tetracyclines due to over 99% in the LDA. A strong linear
regression was observed between LD1 and TC concentrations, rang-
ing from 3 pmol/L to 20 pmol/L (R? =0.98) (Fig. 3d). Furthermore,
similar linear correlations were noted for three additional tetracy-
clines (Fig. S7 in Supporting information). Specifically, the linear
relationships between LD1 and the other tetracyclines were within
the concentration range of 3-20 umol/L, yielding R% values of 0.98
for OTC, 0.96 for CTC, and 0.97 for DOC, respectively. The limits
of detection were 2.82 pmol/L for TC, 1.83 pmol/L for OTC, 1.99
pmol/L for CTC, and 1.03 pmol/L for DOC. These findings indicate
that the array possesses exceptional quantitative detection capabil-
ities.

To showcase the array’s ability to discriminate tetracycline mix-
tures, OTC-DOC mixtures at a total concentration of 20 pmol/L
were tested. Fig. 3e presents a heatmap of the raw response data,
revealing distinct color patterns for different mixtures, thereby
highlighting the discrimination potential. Fig. 3f illustrates that the
HCA plot accurately clusters these samples without errors. The LDA
plot successfully classifies OTC-DOC mixtures with varying ratios
(Fig. 3g and Tables S15 and S16 in Supporting information), while
the violin plot emphasizes a significant difference in LD1 scores
among these binary mixtures (Fig. 3h). Notably, a strong linear cor-
relation is observed between the LD1 scores and the OTC content
in the binary mixtures, which underscores the exceptional discrim-
inative capability of the array for tetracyclines (Fig. 3i). These re-
sults demonstrate the potential application of the sensor array in
real-sample analysis.

Given the alarming threat of tetracyclines residue in animal
products and environment to human health, [41] the array was
employed to explore the potential application in beef and lake wa-
ter samples. Fresh beef was pretreated according to experimental
section, and the resulting solution was used to evaluate the ar-
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Fig. 1. (a) Chemical structures of tetracyclines. (b-e) Fluorescence spectra of tetracyclines (20 pmol/L) in the presence and absence of albumins (10 pmol/L). The binding
model of TC with (f) BSA (PDB: 4f5s) and (g) HSA (PDB: 4k2c). (h) Schematics of albumin-based sensor array for discriminating tetracyclines.
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Fig. 2. Analytical performance of the array for tetracyclines. (a) The fluorescence
response, (b) heatmap, (c) LDA plot, and (d) HCA plot of the array for tetracyclines
at a concentration of 20 pmol/L. LDA plot of the array for tetracyclines at a con-
centration of (e) 10 pumol/L, (f) 5 pmol/L, and (g) 3 pmol/L. (h) The fluorescence re-
sponse, (i) HCA, and (j) LDA score plot of the array toward two blind samples. Error
bars represent the standard deviations calculated from five measurements. Eclipses
represent confidence intervals at 95%.

ray through spiking analysis. Fig. 4a displays a distinct heatmap
for four tetracyclines and their mixtures in the beef sample. The
LDA plot shows clear group classification of the spiked samples
with no overlap (Fig. 4b). Additionally, the violin plot in Fig. 4c
highlights a significant difference LD1 scores between control and
spiked samples. The HCA plot showed that tetracyclines and their
mixtures could be clearly distinguished without any confusion or
misclassification (Fig. S8 in Supporting information). Furthermore,
the fluorescence response of the array to lake water sample was
also detected and analyzed. From the heatmap in Fig. 4d, it be-
comes evident that the array can differentiate between tetracy-
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Fig. 3. (a) The radar maps of the array for TC with different concentrations. (b)
Heatmap and (c) LDA plot of the array for TC with different concentrations. (d) Plot
of LD1 score as function of the concentration of TC. (e) The heatmap, (f) HCA plot,
(g) LDA plot, and (h) violin plot of the array for the binary mixture of OTC-DOC with
the total concentration of 20 pmol/L. (i) The linear calibration plot between LD1
and the content of OTC in binary mixture. Eclipses represent confidence intervals at
95%.

clines. HCA plot exhibits no confusion for tetracyclines in water
sample (Fig. 4e). As shown in Figs. 4f and g, as expected, each of
the four tetracyclines was discriminated from each other. The in-
terference resistance experiment demonstrated that common ions,
amino acids, and proteins had no impact on the discrimination
performance of the array, indicating that the array possesses ex-
cellent anti-interference capability (Fig. S9 in Supporting informa-
tion). As shown in Tables S17 and S18 (Supporting information),
the recovery rates ranged from 96.33% to 106.5% with RSD value
(<1.56%). These results underscore the potential of the sensor ar-
ray to discriminate tetracyclines and their mixtures in real samples.

In summary, we herein developed a protein-based sensor ar-
ray for the differentiation of tetracyclines based on varying binding
affinities between albumins and tetracyclines. Assisted by the ma-
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Fig. 4. Performance of the array for the discrimination of tetracyclines and their
mixtures in real samples. (a) The heatmap, (b) LDA plot, and (c) violin plot of the
array for tetracyclines and their mixtures in beef sample. (d) The heatmap, (e) HCA
plot, (f) LDA plot, and (g) the confusion matrix of LDA of the array for tetracyclines
with the total concentration of 20 pmol/L.

chine learning techniques, this sensor array achieved a 100% iden-
tification accuracy for individual tetracyclines and their mixtures.
Furthermore, this method can be utilized to differentiate tetracy-
clines and their mixtures in actual samples in the environment
and food. The design strategy underlying this approach may offer
a novel pathway for the advancement of innovative sensor arrays.
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