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Abstract
An enhanced ratiometric fluorescence sensor was built for on-site visual detection of doxycycline (DOX) through the interaction 
with bovine serum albumin on the surface of red emissive copper nanoclusters. Upon the addition of weakly fluorescent DOX, 
the red fluorescence from copper nanoclusters gradually decreased through the inner-filter effect (IFE), while a green fluores-
cence appears and significantly increases, forming an interesting fluorescent isosbestic point, which was assigned to DOX due 
to sensitization effect of bovine serum albumin. On the basis of this ratiometric fluorescence, the system possessed good limit of 
detection (LOD) of 45 nM and excellent selectivity for DOX over other tetracyclines. Based on these findings, a paper-based sen-
sor has been fabricated for distinct visual detection of trace DOX and combined with smartphone color recognizer for quantitative 
detection of DOX (LOD = 83 nM). This method shows broad application prospects in environmental monitoring and food safety.

Keywords  Copper nanoclusters · Doxycycline detection · Structural recognition · Ratiometric fluorescence detection · Inner 
filter effect

Introduction

Doxycycline (DOX), a semisynthetic tetracycline antibiotic, 
has been extensively applied in animal husbandry and aqua-
culture because of its low price and high effectiveness [1]. 
However, it is difficult to degrade DOX in the short term 
and the consequent DOX residues are easily accumulated in 

common human foods, including milk, drinking water, veg-
etables, and eggs. Long-term consumption of food contain-
ing DOX may cause serious diseases, such as hepatotoxicity 
and gastrointestinal disorder [2]. Therefore, it is of great 
significance to develop an effective method to detect DOX 
residues in food. So far, many techniques for detecting DOX 
have been developed, including HPLC [3], HPLC–MS/MS 
[4], UPLC [5], electrochemical methods [6], colorimetry 
[7], surface plasma resonance [8], and fluorescence analysis. 
However, most of these methods with high sensitivity can 
only be conducted in well-equipped laboratories due to their 
demand of complex sample preparation procedures, expen-
sive instruments, time-consuming pretreatment process, and 
professional technicians. Thus, it is important to develop a 
rapid, simple, and selective method for detection of DOX.

Fluorescence analysis is one of the most popular analyti-
cal methods at present. It has the advantages of fast analysis 
speed, high sensitivity, good selectivity, and simple opera-
tion, which has aroused the interest of many researchers. It 
is noteworthy, however, that most of the fluorescence probes 
rely on single emission fluorescence signal and have some 
defects. Compared with single emission fluorescence probe, 
the ratiometric fluorescence probe has the characteristics of 
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dual emission fluorescence and the self-calibrating function 
of correction signal, which can reduce the detection error 
caused by various environmental factors [9, 10]. In recent 
years, a few ratiometric fluorescence sensors were developed 
for the detection of DOX. For example, Tang et al. devel-
oped a ratiometric fluorescence probe based on co-doped 
graphene quantum dots and rhodamine B for detection of 
doxycycline [11]. Zhuang et al. reported a ratiometric fluo-
rescent probe that was designed based on sulfur quantum 
dots and Ca2+ [12]. However, due to the existence of multi-
ple fluorophores, the preparation of ratiometric fluorescence 
probe becomes complicated. Ding et al. established a ratio-
metric probe to detect DOX based on gold nanoclusters [13]. 
Currently, an increasing number of ratiometric fluorescence 
sensors have been designed for detection, in which there are 
usually two or more fluorophores such as rare-earth ions 
(Eu3+), carbon dots, and dyes assembled together by chela-
tion to form complexes [14, 15]. However, the preparation of 
ratiometric fluorescence probe becomes complicated due to 
the existence of multiple fluorophores and the synthetic raw 
materials of nanomaterials paid a high price. Therefore, it is 
still an unmet challenge to develop a facile and rapid sensor 
for determination of DOX until now.

Copper nanoclusters (CuNCs), a kind of novel fluores-
cence nanomaterials, have been extensively used in the 
field of fluorescence sensing because of the ultra-fine size, 
good biocompatibility, low toxicity, and large Stokes shift 
[16]. Compared with gold and silver nanoclusters, they 
also have abundant source and low cost [17, 18]. However, 
the surface of nano-sized copper nanoclusters is easy to 
be oxidized, resulting in poor dispersion. Thus, it is dif-
ficult to prepare copper nanoclusters with high stability. 
Up to day, there are few reports about them. In recent 
years, copper nanoclusters using bovine serum albumin 

(BSA) as stabilizer have been widely reported because of 
their good stability, strong oxidation resistance, and high 
fluorescence signal [19]. Wang et al. prepared red-emit-
ting copper nanoclusters as a reducing agent for detection 
of rutin. Aparna et al. developed a sensor to detect both 
protamine and heparin sensitively and selectively [20]. 
Garima et  al. synthesized a fluorescent nanoprobe for 
ratiometric detection of hydroxyl radicals and superoxide 
anion radicals [21]. Particularly, the interaction mecha-
nism between BSA and copper nanoclusters are also stud-
ied to facilitate understand BSA stabilized CuNCs and 
expand their better application in biological applications 
[22, 23]. Therefore, the fluorescence strategy constructed 
by BSA-stabilized fluorescent copper nanoclusters has bet-
ter analytical performance [24, 25]. It has been reported 
that there are many hydrophobic binding cavities in the 
three-dimensional structure of BSA, which can combine 
with DOX, leading to the increased quantum yields (QYs) 
of DOX [26, 27]. Therefore, the fluorescence of DOX can 
be sensitive to BSA.

Herein, this work reports a novel ratiometric system for 
visual detection of DOX based on the interaction between 
BSA-stabilized copper nanoclusters (CuNCs@BSA) and 
DOX (Scheme  1). The prepared CuNCs@BSA shows 
excellent fluorescence performance with a QY of 11.25%. 
Upon adding the DOX, the red fluorescence of CuNCs is 
quenched via the inner filter effect (IFE) and the green fluo-
rescence of DOX is enhanced by sensitization effect of BSA 
on DOX. The CuNCs@BSA possess good water solubil-
ity and high stability, and their starting raw materials are 
cheap and widely available. The synthetic procedure was 
carried out under room-temperature conditions with a simple 
and convenient method. Based on these findings, the probe 
CuNCs@BSA is further designed as a paper-based sensor 

Scheme 1   Synthesis schematic 
diagram of CuNCs@BSA and 
the fluorescence response to 
DOX
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for the visual detection of DOX and applied for the determi-
nation of DOX in milk samples.

Experimental section

Chemicals and materials

Copper nitrate trihydrate (Cu(NO3)2·3H2O), bovine 
serum albumin (BSA), hydroxylamine hydrochloride 
(NH2OH·HCl), sodium hydroxide (NaOH), hydrochloric 
acid (HCl), trimethylol aminomethane (Tris), doxycycline 
(DOX), tetracycline (TC), oxytetracycline (OTC), chlo-
rtetracycline (CTC), chloramphenicol (CHL), kanamycin 
(KAN), ceftriaxone sodium (CEF), streptomycin (STR), 
and ampicillin (AMP) were purchased from Aladdin Rea-
gents Co. Ltd. (Shanghai, China). Inorganic salts (KCl, 
CaCl2, NaCl, MgSO4, AlCl3, ZnSO4), histidine (His), serine 
(Ser), phenylalanine (Phe), lysine (Lys), glycine (Gly), and 
cysteine (Cys) were supplied by Macklin Co. Ltd. (Shanghai, 
China). All the chemicals and solvents were of analytical 
reagent grade without any treatment. Ultrapure water (18.25 
MΩ·cm; Millipore Co., USA) was used for the preparation 
of all aqueous solutions.

Preparation of BSA‑stabilized Cu nanoclusters 
and fluorescent quantum yield measurement

BSA-stabilized Cu nanoclusters (CuNCs@BSA) were syn-
thesized according to a reported procedure with minor modi-
fication [28]. Detailed synthesis steps are described in the 
Electronic supporting material (ESM). The QY of CuNCs@
BSA was tested by single-point measurement using rhoda-
mine 6G (QY = 0.95 in EtOH) as standard:

where I is the fluorescent emission intensity, A is the absorb-
ance, and � is the refractive index of the solvent. The sub-
scripts q and s signify fluorescent standard samples and 
experimental samples, respectively.

Detection of doxycycline and preparation of paper 
sensor

To optimize the detection conditions, 100 μL aqueous solu-
tion of CuNCs@BSA was added into a quartz fluorescence 
cuvette. DOX solutions of different concentrations were suc-
cessively added into the detection system. Then, the system 
was diluted to 2.0 mL with Tris–HCl buffer solution. The 
final concentration of CuNCs@BSA was 5 mg mL−1. After 
incubating at room temperature for 1 min, the fluorescence 

QY(%) = QYq
IsAq

(

�s

)2

IqAs(�q)
2

spectra of the samples were determined in the range from 
470 to 850 nm under excitation wavelengths of 365 nm with 
a filter of 450 nm. To validate this approach for practical 
application, other antibiotics, amino acids, and cations were 
used for the selective measurements. All experiments were 
performed three times. Error bars represent the standard 
deviations of measurements with triplicate trials (σ is the 
standard deviation of the blank and m is the slope of the 
calibration plot).

For the visual detection of DOX, the paper-based sen-
sor was fabricated by loading the CuNCs@BSA ratiometric 
probe on Whatman glass microfiber filter paper. Briefly, a 
series of 15 μL of the CuNCs@BSA (20 mg mL−1, pH = 7.5) 
solution was dropped onto a piece of filter paper (0.6 mm in 
diameter). Then, 15 μL of different concentrations of DOX 
aqueous solution were carefully dropped onto the center of 
a circular filter paper and air-dried under ambient condi-
tion. The color of the test paper was observed under 365 nm 
UV lamp and recognized by a color recognizer APP in the 
smartphone.

Fluorescence assay of doxycycline in milk

In order to reduce the interference of fluorescence detec-
tion, 3 mL of milk samples was first diluted with 6 mL of 
ultrapure water. Since protein and fat in milk may affect the 
determination of tetracyclines, 2 mL of 10% trichloroacetic 
acid and trichloromethane was added into the centrifuge 
tube of the diluted milk samples followed by vortexing for 
90 s and ultrasonicating for 20 min. Then, the mixture was 
centrifuged twice at 10,000 rpm for 15 min. The obtained 
supernatant was used for the detection of DOX.

Characterization

Fluorescence spectra were recorded using a F-7100 fluores-
cence spectrophotometer (Tokyo, Japan) equipped with 1-cm 
quartz cuvettes and an analysis unit. UV–Vis absorption 
spectra were determined by a UV–Vis 2600i spectrophotom-
eter (Tokyo, Japan). Fourier-transform infrared (FTIR) spec-
tra were measured by a Thermo Fisher Nicolet iS10 Fou-
rier Transform infrared spectrometer. The X-ray diffraction 
(XRD) spectrum analysis was performed using a Shimadzu 
XRD-600 diffractometer (Kyoto, Japan). Morphology and 
size distribution of prepared samples were obtained by Tec-
nai G2 F20 transmission electron microscope (FEI, USA). 
X-Ray photoelectron spectroscopy (XPS) was measured by 
VG Multilab 2000X high-performance electron spectrometer 
(Thermal Electron, USA). Zeta potential and dynamic light 
scattering (DLS) were tested on a Zetasizer Nano Series 
analysis meter (ZS 90).
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Interaction of BSA with doxycycline

The interaction between BSA and DOX was evaluated 
with the fluorometric method [29]. Two milliliters of BSA 
(50 μM) was added into a quartz fluorescence cuvette and 
then titrated by successive additions of DOX (1.0 mM) to 
obtain a series of final concentrations. Fluorescence spectra 
were recorded in the range of 300–500 nm. The double-
logarithmic equation was used for analyzing the fluorescence 
data:

where F0 and F are respectively the fluorescence intensities 
of the fluorophore before and after adding the quencher; Kb 
and n respectively refer to the binding constant and binding-
site number.

Results and discussion

Characterization of BSA‑stabilized Cu nanoclusters

The structure and morphology of the synthesized CuNCs@
BSA were characterized by high-power transmission elec-
tron microscopy (HRTEM). As depicted in Fig. 1a and c, 
CuNCs@BSA is monodispersed spherical with the particle 
sizes in the range of 8–12 nm. The lattice spacing of 0.21 nm 
shown in Fig. 1b is consistent with the (111) planes of the 
metallic Cu [30], indicating that CuNCs@BSA has been suc-
cessfully prepared. Then, the size distribution of CuNCs@
BSA in aqueous solution is further measured by the meas-
urement of dynamic light scattering (DLS) (Fig. S1). The 

lg
[(

F
0
− F

)

∕F
]

= lg Kb + n lg[Q]

result indicates that the average hydrodynamic diameter size 
of CuNCs@BSA is about 16.1 nm, which is larger than the 
size measured from HRTEM due to macromolecule BSA 
coating layer on the surface of CuNCs. The formation of 
such ultrasmall and uniform NCs is mainly due to the strong 
multichelating effects from BSA that can control the growth 
of NCs.

To explore the crystalline structure of CuNCs@BSA, 
the X-ray diffraction (XRD) spectrum was determined. As 
depicted in Fig. 2a, the XRD peaks are generally widened, 
suggesting a less crystalline structure. Also, the broader dif-
fraction peak (2θ) at 43.2° with index of (111) is found in 
the latter, which is consistent with the standard data on a 
JCPDS card (no. 65–6801), implying the existence of Cu0 
[31]. The diffraction peak located at 20.8° may be ascribed 
to amorphous structure of CuNCs@BSA and surface coat-
ing of BSA. Beyond this, the zeta potential of CuNCs@
BSA in aqueous solution was measured to be − 32.9 mV 
(Fig. S2), indicating that the negatively charged BSA sta-
bilizer is decorated on the surface of the CuNCs [32]. The 
ingredients and chemical states of element in CuNCs@BSA 
were analyzed by XPS spectrum. Survey spectrum (Fig. 2b) 
of CuNCs@BSA indicates the presence of Cu 2p (0.19%), 
C 1 s (53.79%), O 1 s (23.10%), N 1 s (21.06%), and S 2p 
(1.86%). As shown in Fig. 2c, two characteristic peaks of the 
Cu 2p spectrum at 932.5 eV and 952.6 eV are assigned to Cu 
2p 3/2 and Cu 2p 1/2 of Cu, respectively, indicating the pres-
ence of Cu (0) and Cu (I) [33]. There is no satellite peak at 
942.0 eV, which confirms the absence of Cu (II) in CuNCs@
BSA. Moreover, the S2

2− 2p3/2 and Sx
2− 2p1/2 peaks can be 

obviously observed at 162.7 and 163.9 eV in the XPS nar-
row spectrum of S 2p (Fig. 2d), which are assigned to the 
bound sulfhydryl of BSA, confirming that BSA is combined 

Fig. 1   Structure and size 
characterization of CuNCs@
BSA. a HRTEM images of the 
as-prepared CuNCs@BSA. b 
HRTEM image of the CuNCs@
BSA. c Size distribution of the 
CuNCs@BSA through statisti-
cal HRTEM images
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with CuNCs through the Cu–S bond [34–36]. To further 
study the surface groups and component of CuNCs@BSA, 
FTIR was used for characterization (Fig. 2e). The peak at 
1655 cm−1 corresponds to the stretching vibrations of C = O; 
the peak at 1547 cm−1 was ascribed to C–N stretching and 
N–H bending vibration. The peaks centered within the range 
of 3000–3500 cm−1 confirm the presence of O–H and N–H 
bonds [37]. In addition, in comparison with FTIR of BSA, 
the peak at 2352 cm−1 assigned to the stretching vibrations 
of S–H bond disappeared after synthesis of CuNCs@BSA 
[38]. Such phenomenon may be attributed to the interaction 
between the sulfhydryl group in the BSA and Cu. Conse-
quently, this result further implies the successful formation 
of CuNCs@BSA.

The UV–Vis absorption spectra (Fig. 2f) indicate that 
the CuNCs@BSA had obvious absorption peaks at 280 nm, 
which are derived from the aromatic amino acids (Trp, Tyr, 
and Phe) in BSA. Noteworthy, the characteristic surface 
plasmon resonance peak of CuNCs is not observed about 
in the range from 500 to 600 nm, indicating the absence 
of any large copper nanoparticles and the effective forma-
tion of CuNCs@BSA [39]. The prepared CuNCs@BSA 
exhibits superior dispersibility in aqueous solution, and red 
fluorescence is obviously observed under illumination with 
a 365-nm UV lamp (inset of Fig. 2f). Their quantum yield 

(QY) is calculated to be 11.25% in aqueous solution, which 
is higher than that of many metal nanoclusters. In particu-
lar, the light yellow freeze-dried CuNCs@BSA powder is 
found to still exhibit red fluorescence under UV irradiation 
(Fig. S3), showing their fluorescence stability. In addition, it 
is acknowledged that fluorescence stability of probe is a key 
factor during sensing process. Thus, the fluorescence change 
of CuNCs@BSA under different conditions is monitored. It 
is clearly seen from Fig. S4 that the fluorescence intensity of 
CuNCs@BSA still keeps constant in different solution con-
ditions, including various ionic strengths, temperatures, illu-
mination time, and pH values. Obviously, no fluorescence 
intensity change is observed when the solution of CuNCs@
BSA is irradiated once a day for 1 week (Fig. S5), indicating 
that CuNCs@BSA has excellent fluorescence stability that 
facilitated the further detection of DOX.

Detection of doxycycline in fluorescence manners

Before investigating the DOX determination, it is essential 
to optimize detection parameters (incubation time and solu-
tion pH) for improving detection sensitivity of DOX. The 
response of fluorescence to incubation time was first moni-
tored (Fig. S6A). It can be clearly observed that F520/F673 
increases rapidly and tends to stabilize after 1 min with the 

Fig. 2   Spectral characterization for CuNCs@BSA. a XRD spectrum 
of CuNCs@BSA. b XPS survey spectrum of CuNCs@BSA. c High-
resolution XPS spectrum of Cu 2p. d High-resolution XPS spectrum 
of S 2p. e FT-IR spectrum of CuNCs@BSA and BSA. f UV–Vis 

absorption and fluorescence emission spectra of CuNCs@BSA and 
BSA (inset: photographs of the CuNCs@BSA and BSA dispersion 
taken under sunlight and 365-nm UV lamp)
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addition of DOX into probe solution, suggesting that the 
DOX could efficiently react with CuNCs@BSA in a short 
time. Therefore, the best detection time is fixed to be 1 min 
after adding DOX. Simultaneously, the influence of pH val-
ues on DOX detection is also investigated. As depicted in 
Fig. S6B, the fluorescence response of ratiometric system to 
DOX shows a slight variation in the pH range from 5 to 9. In 
detail, such response increases below pH 7.5 and decreases 
with the increase in pH values. This phenomenon may be on 
account for the destruction of BSA structure at both very low 
and high pH conditions, inducing the interaction between 
CuNCs@BSA and DOX, conclusively influencing their 
inner filter effect (IFE) and sensitization effect. Thus, these 
results show that the ratiometric maximum response toward 
DOX occurred at pH 7.5. Accordingly, pH 7.5 is applied in 
further tests.

Under the optimized conditions, the analytical perfor-
mance of the fluorescence sensing method is researched. 
With the increase of DOX concentration, the fluorescence 
intensity of CuNCs@BSA decreases at 673 nm, while a new 
peak appears at 520 nm (Fig. 3a). It is interesting that a 
fluorescence isosbestic point was found at around 625 nm 
as fluorescence quenches and turns on at 673 nm and at 
520 nm, respectively. The corresponding fluorescence color 
changes from red to green under the irradiation of a 365-
nm UV lamp (inset of Fig. 3b). In addition, there exhibits a 
good linear relationship between CuNCs@BSA probe and 
the concentration of DOX. As shown in Fig. 3b, a linear rela-
tion between F520/F673 and DOX concentration is observed 

in the range of 0–30 μM with a correlation coefficient of 
R2 = 0.996, and the corresponding limit of detection (LOD) 
is 45 nM (3σ/m, where σ is the standard deviation of blank 
solution and m is the slope of the calibration plot). When 
compared with the reported results in Tab. S1, CuNCs@
BSA possesses simpler synthesis, cheaper raw material, 
and lower LOD than that of reported ratiometric fluores-
cent probes for DOX. Besides this, the distinguishment of 
DOX from other tetracycline antibiotics is also achieved by 
the sensor. Also, the CuNCs@BSA-based sensor platform 
combined with smartphone application realizes the portable, 
visual, and quantitative monitoring of DOX.

Selectivity and interfering factors are key indexes to 
evaluate the detection performance of fluorescent probes. In 
this study, some metal cations (K+, Ca2+, Na+, Mg2+, Al3+, 
Zn2+), amino acids (His, Cys, Phe, Ser, Lys, Gly), and anti-
biotics (AMP, STR, CEF, CHL, KAN) are selected as inter-
ference ions to verify the selectivity and interfering factors 
of CuNCs@BSA composite system in DOX detection. As 
shown in Fig. 3c and d, the response value of the ratiometric 
fluorescent probe changes significantly in the presence of 
DOX. However, for other interfering analytes, even when 
the concentration is much higher than DOX, the response 
value of the ratiometric fluorescent probe only shows slight 
changes.

The responses of CuNCs@BSA probe toward other tet-
racycline antibiotics are also carefully studied due to their 
highly similar structure (Fig. S7). As shown in Fig. S7A, 
the characteristic fluorescence emission peak at 520 nm is 

Fig. 3   Ratiometric DOX 
determination by CuNCs@BSA 
dispersions. a CIE chromaticity 
diagram of CuNCs@BSA after 
adding different concentra-
tions of DOX with excitation at 
365 nm. Inset: emission spectra 
of CuNCs@BSA with increas-
ing concentrations of DOX. b 
The linear relationships between 
F520/F673 and the concentra-
tion of DOX (λex = 365 nm). 
The data are presented as 
the mean ± SD, n = 3. Inset: 
the visualization fluorescent 
photographs were taken under 
illumination by a 365-nm UV 
lamp. c Fluorescence responses 
of the ratiometric probe to dif-
ferent kinds of cations, anions, 
amino acids, and antibiotics. d 
Selectivity and anti-interference 
of the CuNCs@BSA toward dif-
ferent kinds of cations, anions, 
amino acids, and antibiotics 
(DOX, 30 μM; interference: 
150 μM). The data are presented 
as the mean ± SD, n = 3
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obtained under the assistance of CuNCs@BSA, while other 
NCs show weak fluorescence or no fluorescence. This phe-
nomenon may be caused by the lower sensitization effect 
of BSA on them, which can enhance the possibility of the 
discrimination toward DOX (Fig. S7B).

Detection mechanism for doxycycline

The mechanism of CuNCs@BSA’s response to DOX is 
investigated. As shown in Fig. 4b, a new fluorescence emis-
sion band at 520 nm appears after adding DOX, indicating 
the sensitization effect of BSA on DOX. According to the 
previous report, there exhibits several hydrophobic bind-
ing cavities in the three-dimensional structure of BSA [27]. 
DOX can combine with the hydrophobic binding cavities 
of BSA, and the fluorescence intensity of DOX increases 
under the hydrophobic environment [26]. This phenomenon 
can be explained by binding-site number (n). According to 
the double-logarithmic equation of BSA quenched by DOX 
(Fig. S8), the binding-site number (n) of BSA with DOX is 
estimated to be nearly 1, showing that DOX can easily enter 
one of the hydrophobic binding cavities of BSA. The fluores-
cence emission spectra of DOX in the presence and absence 
of BSA is shown in Fig. S9. DOX displays a stronger emis-
sion band at 520 nm after adding the BSA, further indicating 
the sensitization effect of BSA. As seen from Fig. 4a, the 
spectral overlap is discovered among UV–Vis absorption 
band of DOX and excitation band of CuNCs@BSA. DOX 
shows strong absorption bands at 365 nm, indicating that 

the mechanism of fluorescence quenching for DOX might 
be inner filter effect (IFE) [33].

Paper sensor for doxycycline visual detection

In order to develop a convenient, real-time, and visual 
detection device for DOX, a paper-based sensor is fabri-
cated (Fig. 5). Different concentrations of DOX aqueous 
solution were dropped onto the fluorescent paper-based 
sensor coated with CuNCs@BSA. Under the irradiation of 
ultraviolet lamp, it can be observed that the color of the 
test paper changes significantly from red to green with the 
increase of DOX concentration. The color change is con-
sistent with the change of the reaction in aqueous solution, 
indicating the successful preparation of fluorescence paper-
based sensor for the visual detection of DOX. For improving 
the accuracy and reliability of the results, RGB analysis of 
fluorescent images is applied through a Color Recognizer 
APP (Fig. S10) on a smartphone, which can convert color 
pictures to RGB values for color identification of DOX. 
After capturing a series of fluorescence images, DOX con-
centration is assessed by calculating the ratio of green and 
red channels. The results show that the ratio of green chan-
nel to red channel (G/R) has a good linear relationship with 
DOX concentration (R2 = 0.949, LOD = 83 nM). The results 
indicate that the sensor platform combined with smartphone 
application realizes the portable, visual, and quantitative 
monitoring of DOX.

Fig. 4   Proposed DOX detection 
mechanism by CuNCs@BSA. 
a The UV–Vis absorption spec-
trum of DOX and fluorescence 
spectrum of CuNCs@BSA. b 
Fluorescence emission spectra 
of CuNCs@BSA before and 
after adding DOX (30 μM) with 
excitation at 365 nm. c Sche-
matic illustration for mechanism 
of ratiometric detection to DOX 
by CuNCs@BSA
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Detection of doxycycline in milk

DOX residues in animal food can lead to many adverse 
reactions, so we used the constructed approach for DOX 
detection in milk samples by standard recovery test. Dif-
ferent concentrations of DOX standard solution were 
added to the pre-treated milk samples and the recovery 
test was conducted. As shown in Table 1, the ratiometric 
fluorescence sensor still has a sensitive response to DOX 
in the actual sample system. The recovery rates of DOX 
range from 96.4 to 105% and the relative standard devia-
tion (RSD) is lower than 3.54%, respectively, indicating 
that CuNCs@BSA ratiometric fluorescence probe can be 
used to detect DOX in actual samples.

Conclusion

In conclusion, a valid ratiometric fluorescent sensor is fab-
ricated based on the CuNCs@BSA for visual detection of 
DOX. The synthesized CuNCs@BSA shows excellent flu-
orescence stabilities, water solubility, and solid-state lumi-
nescence. Such ratiometric probe has been successfully 
applied in visual detection of DOX by using a paper-based 
sensor, which provides a simple method for qualitative 
assay of DOX on-site. In addition, the method has been 
further applied to determine DOX in milk samples with 
satisfactory recoveries, providing a potential measurement 
technique for environmental and food safety monitoring 
applications. However, compared with some big equip-
ment in laboratory, such device for DOX detection shows 
relatively high detection range, requires pretreatment of 
milk-related samples, and requires a UV lamp. These may 
lead to the translation of this paper-based device to future 
life safety applicability.
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Fig. 5   Schematic drawing for 
the preparation of test paper 
sensor and detection of DOX 
using a smartphone color recog-
nizer. The data are presented as 
the mean ± SD, n = 3

Table 1   Recoveries of the CuNCs@BSA sensor for DOX detection

Spiked con-
centration

Detected DOX 
(μM)

Recovery (%) RSD (%) n = 3

0 – – –
5 4.8 96.4 2.85
10 10.5 105 3.12
20 19.2 95.9 3.54
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