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Using lanthanide ions as magnetic and sensing probes
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Abstract

Tetracycline (TC) is a broad-spectrum antibiotic and has been added to animal feeds to grow livestock under healthy
conditions, making it important to have effective methods for rapidly detecting TC in complex samples. In this study, a
novel method that uses lanthanide ions (i.e. Eu3þ and Gd3þ) as magnetic and sensing probes for the detection of TC from
aqueous samples is explored. When dissolving Gd3þ in tris(hydroxymethyl)aminomethane (Tris) buffer at pH 9, mag-
netic Gd3þ-Tris conjugates can be readily generated. The magnetic Gd3þ-Tris conjugates possess trapping capacity to-
ward TC from sample solutions via the chelation of Gd3þ and TC. Eu3þ is used as the fluorescence sensing probe against
TC on the Gd3þ-TC conjugates via the antenna effect. The fluorescence response derived from Eu3þ is increased with the
increase of TC trapped on the Gd3þ-based probes. The linear dynamic range against TC ranges from 20 to 320 nM,
whereas the limit of detection toward TC is ~2 nM. Furthermore, the developed sensing method can be employed for the
visual assay of TC with a concentration above ~0.16 mM under UV light illumination in the dark. Furthermore, we have
demonstrated the applicability of the developed method to quantify TC in a chicken broth sample with complex matrix.
Our developed method offers several advantages, including high sensitivity and good selectivity, for the detection of TC
in complex samples.
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1. Introduction

S ince the discovery of tetracycline (TC) in the
1940s [1], TC has been extensively used in the

medical treatment of bacterial infections [2]. TC is a
broad-spectrum antibiotic. Thus, it has been applied
in veterinary medicine and added to animal feeds to
gain good profit [3]. However, the discharge of
TC-containing waste water and materials to sewage
or land can cause environmental pollution [4]. In
addition, TC residues have been frequently found in
wastewater, surface water, groundwater, and soil [4].
Moreover, the overuse of TC has raised a public
health concern. Various pathogenic bacteria have
becomeTC-resistance strains [2,5]. The accumulation
of TC in human bodies can bring adverse impacts
such as allergic reactions, endocrine disruption [6],
and chronic toxicity [7]. Thus, the European Union
has suggested themaximum residue limits (MRL) for

milk and chicken meat (MRL: 0.1 mg kg�1) and eggs
(MRL: 0.2 mg kg�1) [8,9].
High-performance liquid chromatography [10],

liquid chromatography-mass spectrometry [11],
chemiluminescence [12], and fluorometry [13e15] are
common techniqueswhich are developed to separate,
analyze, and quantify TC. Among these techniques,
fluorescence-based detection approaches provide
superior features including simplicity, high sensi-
tivity, and rapid response [14,16]. Quantum dots [17],
metal-organic frameworks [18], and nanomaterials
[19] have been explored to be suitable fluorescence-
sensing probes for the detection of TC from complex
samples. However, the matrix from complex samples
can cause an autofluorescence background and affect
the detection of TC [16]. Thus, sample pretreatments
are often applied before detection to improve the
sensitivity and selectivity of the sensing methods to-
ward TC [20,21].
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Enrichment is a common strategy that is used in
sample pretreatment for concentrating trace target
analytes and the elimination of unwanted species
from complex samples [22,23]. Magnetic probes
that can be used to effectively concentrate TC from
complex samples have also been demonstrated
[24e26]. The main advantage of using magnetic
probes in the sample pretreatment is that the target
analytes trapped by the magnetic probes can be
easily isolated by applying an external magnet for a
short period [26,27]. Nevertheless, the fabrication
and functionalization of magnetic probes often
require at least several hours [24,25]. Thus, the
simplification of the generation of functional
probes with magnetic properties is anticipated.
Recently, we have demonstrated that bacteria and
cells can acquire magnetism by using magnetic
metal ions as the trapping probe [28,29]. Magnetic
metal ions (e.g., Gd3þ, Co2þ, Fe3þ, and Ni2þ) alone
in the aqueous solution have no visible magnetism
when applying an external magnet. However,
magnetic conjugates containing magnetic metal
ions and their target analytes such as mammalian
cells and bacteria had visible and manipulable
magnetism when applying an external magnet
[29,28]. It was because a high density of magnetic
metal ions aggregated in a small space using cells
and bacteria as the interface, leading to an
enhanced magnetism strength [29,28]. In such ap-
proaches, the time required to synthesize magnetic
probes was eliminated, whereas these selected
magnetic metal ions had a specific binding affinity
toward their target species. The affinity between
those target species with magnetic metal ions
resulted from the favorable binding of the func-
tional groups on the target species and magnetic
metal ions [29,28]. For example, Gd3þ has been
recognized as a hard acid according to the theory of
Hard and Soft Acids and Bases (HSAB) [30]. Thus, it
should have a good binding affinity with hard
bases such as TC which contains several ketone
functional groups. Thus, we believe that Gd3þ can
be used as the magnetic probe against TC from
complex samples. Moreover, TC can absorb the
excitation energy and transfer the energy to Eu3þ

because of the antenna effect [31e34]. Therefore,
the fluorescence derived from Eu3þ can be further
enhanced when complexing with TC [31,32]. Thus,
Eu3þ was added to the resultant Gd3þ-TC conju-
gates as the fluorescence sensing probes in this
study. Chicken broth extract was used as the model
sample to demonstrate the practice of using our
method for the rapid characterization of TC in real
world samples.

2. Experimental section

Materials, chemicals, and instruments used in this
work are described in Support Information.

2.1. Generation of the Gd3þ-Tris conjugates

Heating samples under microwave-heating is an
efficient means to reduce incubation time in trap-
ping and enrichment [33]. Thus, the generation of
the Gd3þ-Tris conjugates was conducted under
microwave-heating. Aqueous GdCl3 (0.4 M) was
prepared in Tris buffer (10 mM) at pH 9. Subse-
quently, NaOH (2N, 4 mL) was added into the
aqueous GdCl3 (0.4 M, 0.3 mL) that had been
placed in a water bath (3 mL). The mixture
was incubated in a microwave-oven (180 W,
2.5 min � 2). The resultant sample was placed next
to a magnet for 30 min. The magnetic Gd3þ-Tris
aggregates were then collected by removing the
supernatant (0.27 mL). The resultant Gd3þ-Tris
conjugates were rinsed by Tris buffer (10 mM,
0.3 mL, pH 9) and isolated by an external magnet
(10 min). The rinse steps were repeated twice, and
0.3 mL of supernatant was removed during rinse
steps. The resultant magnetic Gd3þ-Tris aggregates
were used as the probes in this work. Moreover, the
resultant conjugates were examined by super-
conducting quantum interference device magne-
tometer (SQUID).

2.2. Trapping and sensing TC using our developed
method

All steps for using the Gd3þ-Tris conjugates as
trapping probes toward TC followed by Eu3þ

fluorescence sensing are summarized below. The
Gd3þ-Tris conjugates (~2 mg mL�1, 50 mL) were
added to the sample (1 mL) containing TC pre-
pared in Tris buffer (10 mM, pH 8). The resulting
sample was incubated in a water bath (3 mL) fol-
lowed by placing in a microwave oven (180 W,
2.5 min). The resulting sample was isolated by
placing an external magnet (~4000 Gauss) next to
the same vial for 30 min. After removing the
supernatant (0.98 mL), the isolated conjugates
were rinsed with Tris buffer (1 mL, 10 mM, pH 8)
followed by addition with aqueous Eu3þ (0.1 mM,
50 mL) that had been prepared in Tris buffer
(80 mM) at pH 8. The mixture was placed in a
water bath (400 mL) at 45 �C for 15 min. After
15 min, the samples were analyzed by fluorescence
spectroscopy.
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2.3. Naked eye detection

Our approach allowed us to visualize the results
of the sample containing TC above a certain con-
centration with adjusted concentrations and vol-
umes of the Gd3þ-Tris conjugates and Eu3þ under
the illumination of UV light in the dark. Samples
(1 mL) containing TC (0.08e10.00 mM) added with
the Gd3þ-Tris conjugates (10 mg mL�1, 20 mL) were
examined. Aqueous Eu3þ (4 mM, 0.1 mL) was added
to the sample after the magnetic Gd3þ-TC conju-
gates were formed. Otherwise, the experimental
steps were similar to those stated in the previous
section. The photographs of the resulting samples
were taken with a camera under UV lamp illumi-
nation (lmax ¼ 365 nm).

3. Results and discussion

3.1. Characterization of the Gd3þ-Tris conjugates

The generated Gd3þ-Tris conjugates possessed
visible magnetism and could be aggregated by
placing an external magnet (inset in Fig. 1). White
precipitates resulting from the Gd3þ-Tris conjugates
were attracted to the wall by an external magnet that
was placed on the left-hand side of the bottle. Fig. 1
shows its corresponding hysteresis curves obtained
at 10 (black) and 298 K (red). The magnetic suscep-
tibilities of the conjugates were 2.06 � 10�3 and
9.62 � 10�5 emu g�1 at 10 and 298 K, respectively,
based on the slopes of the hysteresis curves.
Although the susceptibility of the conjugates was
only 9.62 � 10�5 emu g�1 at 298 K, it was high
enough to magnetically isolate the conjugates by an
external magnet.

3.2. Using the magnetic Gd3þ-Tris conjugates as
probes for trapping TC

Based on the HSAB theory, the hard-acid Gd3þ

should exhibit good affinity toward the hard-base
TC, which possesses N- and O-containing func-
tional groups. The feasibility of using our magnetic
probes compose of the Gd3þ-Tris conjugates for
trapping TC was examined. The photographs of the
Gd3þ-Tris conjugate without (left) and with (right)
placing an external magnet next to the bottles were
shown in Fig. 2A. The white aggregates were
attracted to the wall of the bottle by an external
magnet. Fig. 2B displays the pictures of the samples
containing TC at a high concentration with the
addition of our probes obtained before (left) and
after (right) magnetic isolation. The pale-yellow so-
lution and yellowish conjugates derived from TC
and our probes settled down on the bottom of the
bottle, respectively, were apparent before magnetic
isolation (the left photograph in Fig. 2B). However,
the solution of the sample became colorless after
magnetic isolation. Moreover, the magnetic aggre-
gates with yellow color adhered to the wall next to
the magnet (right photograph in Fig. 2B). These re-
sults showed that our magnetic probes possessed
the capacity to trap TC and the probe-TC conjugates
could be magnetically aggregated by an external
magnet.

3.3. Optimization of the trapping conditions

We employed microwave heating for the incuba-
tion of the sample with our magnetic probes
to accelerate the analysis. Supporting Information
(SI) Fig. S1A [https://www.jfda-online.com/cgi/view
content.cgi?filename¼0&article¼3457&context¼
journal&type¼additional] shows the UVeVis ab-
sorption spectra of the supernatants of the samples
containing TC obtained before (black) and after in-
cubation with our probes in a microwave oven with
a power of 180 W for 1.5 (blue) and 2.5 min (pink)
and vortex-mixing (30 (green) and 60 min (dark
blue)) followed by magnetic isolation. SI Fig. S1B
[https://www.jfda-online.com/cgi/viewcontent.cgi?
filename¼0&article¼3457&context¼journal&type¼
additional] shows the summarized results from SI
Fig. S1A [https://www.jfda-online.com/cgi/view
content.cgi?filename¼0&article¼3457&context¼
journal&type¼additional]. The absorption spec-
trum of the resultant supernatant (red) was obtained
by standing the sample with the magnetic probes at
room temperature with magnetic separation for
30 min. The absorption bands obtained after incu-
bation under microwave-heating (blue and pink)

Fig. 1. Hysteresis curves of the Gd3þ-Tris conjugates obtained at 298 K
(red) and 10 K (black). Inset photograph shows the conjugates were
aggregated on the wall next to a magnet (~4000 Gauss). The circled part
shows where the magnetic conjugates are.
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and vortex-mixing (green and dark blue) were much
lower than that only incubated by standing at room
temperature (red), indicating microwave-heating
and vortex-mixing were helpful for accelerating the
trapping process. Furthermore, there was a red shift
at ~400 nm occurring from the samples obtained
after incubation under vortex-mixing (green and
dark blue). That is, the red shift resulting from the
Gd3þ-TC conjugates, in which the Gd3þ was
released from our probes, indicating vortex-mixing
the sample and our probes too long could cause the
instability of our magnetic probes. Similar phe-
nomena have been observed when metal ions bind
with TC [34]. To further confirm our suspection, we
mixed TC and Gd3þ together to examine whether
the absorption band had a red shift compared with
that of TC alone. SI Fig. S2 [https://www.jfda-online.
com/cgi/viewcontent.cgi?filename¼0&article¼3457
&context¼journal&type¼additional] shows the ab-
sorption spectra of aqueous Gd3þ (black), TC (red),
and the mixture (green) containing Gd3þ (12.8 mM)
and TC (25 mM). The maximum absorption band
derived from TC (red) had a red shift after adding
Gd3þ (green), indicating that the red shift observed
in SI Fig. S1A [https://www.jfda-online.com/cgi/
viewcontent.cgi?filename¼0&article¼3457&

context¼journal&type¼additional] was resulting
from Gd3þ released from the conjugates of Gd3þ-
TC. Thus, although the binding amount of TC on
our magnetic probes under vortex-mixing for
30 min was a little bit more than that under micro-
wave-heating, we selected microwave-heating for
2.5 min as the incubation method by considering the
short time and stability of our magnetic probes.

3.4. Examination of the optimal pH

We then investigated the binding capacity of
our magnetic probes toward TC at different pH
conditions. SI Fig. S3 [https://www.jfda-online.com/
cgi/viewcontent.cgi?filename¼0&article¼3457&con
text¼journal&type¼additional] shows the summa-
rized results of the binding amount of the Gd3þ

conjugates toward TC. The structure of TC is shown
in the inset. The highest binding capacity, i.e. 161
± 25 nmol mg�1, was found at pH 8. Presumably, the
favorable binding at pH 8 was related to the pKa
value of TC (pKa2 ¼ 7.78) (SI Fig. S3 [https://www.
jfda-online.com/cgi/viewcontent.cgi?filename¼0&
article¼3457&context¼journal&type¼additional])
[35]. When the pH was around the pKa value of TC,
the two chelation groups, i.e. two b-diketones, on

Fig. 2. Photographs of the Gd3þ-tris conjugates only (A) and containing TC (1 mM, 300 mL) at pH 8 (B) without (left) and with (right) placing an
external magnet (~4000 Gauss) next to each vial. The photographs were taken under room light.
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TC can favorably coordinate to bind with metal ions
[36]. Therefore, TC on our probes has the maximum
binding capacity at pH 8. Thus, pH 8 was selected as
the pH for the preparation of the samples through
this study.

3.5. Using Eu3þ as the fluorescence sensing probe

Eu3þ is a suitable sensing probe for detecting TC
based on the antenna effect between Eu3þ and TC
[37]. Thus, examining the feasibility of using Eu3þ as
sensing probes against TC on our probes, some
experiments were initially examined. Given that our
probes were made of the Gd3þ-Tris conjugates,
trace Gd3þ was unavoidably released to the super-
natant during equilibrium. Thus, we examined
whether the presence of Gd3þ in the sample con-
taining TC using Eu3þ as the sensing probes would
affect the sensing results. The fluorescence spectra
of the samples containing TC were obtained
using Eu3þ as the sensing probe, and the results
are shown in Fig. S4 [https://www.jfda-online.com/
cgi/viewcontent.cgi?filename¼0&article¼3457&
context¼journal&type¼additional]. The blue curve
represents the fluorescence spectrum of TC without
the addition of Gd3þ, while the black curve corre-
sponds to the fluorescence spectrum obtained after
adding Gd3þ to the sample. The fluorescence spec-
trum in red was obtained from the control sample
containing Eu3þ and Gd3þ prepared in Tris buffer
(10 mM, pH 9). No emission derived from Eu3þ was
observed without the presence of TC. However, the
emission band appearing at 615 nm was observed in
the fluorescence spectra (black and blue) in the
presence of TC. The one with the presence of Gd3þ

(black) had a much higher fluorescence intensity
than that without Gd3þ. Given that Gd3þ has no
emission at the wavelength of 615 nm, presumably
that Gd3þ favored binding with Tris and left more
vacancy available on Eu3þ for binding with TC.
Thus, we also examined whether the increase of

the concentration of Tris in the sample might help
the enhancement of the emission of Eu3þ in the
sample containing the same concentration of TC.
SI Fig. S5 [https://www.jfda-online.com/cgi/view
content.cgi?filename¼0&article¼3457&context¼
journal&type¼additional] shows the fluorescence
spectra of the samples containing TC alone (black),
Eu3þ alone (red), Eu3þ mixed with Gd3þ (blue), Eu3þ

mixed with TC (pink), and Gd3þ with TC mixed with
Eu3þ (green) dissolved in Tris buffer at the con-
centrations of 10e100 mM (lex ¼ 397 nm). No
emission was found in the spectra of the samples
containing TC alone (black), Eu3þ alone (red), and
Eu3þ mixed with Gd3þ (blue). The fluorescence

intensity of Eu3þ with TC without (pink) and with
adding Gd3þ (green) were compared. We found that
fluorescence intensity at the wavelength of 615 nm
derived from Eu3þ in the mixture containing TC and
Eu3þ in the presence of Gd3þ enhanced the most in
Tris buffer at the concentration of 80 mM. In addi-
tion, it was higher than the sample in the absence of
Gd3þ (pink). That is, 80 mM was the optimal con-
centration for our subsequent experiments.
The optimal pH for the sensing experiments was

further investigated. SI Fig. S6 [https://www.jfda-
online.com/cgi/viewcontent.cgi?filename¼0&article
¼3457&context¼journal&type¼additional] shows
the fluorescence spectra of the samples containing
TC with the addition of Eu3þ prepared in Tris buffer
(10 mM) at different pH (pH 6e9). The fluorescence
intensity at 615 nm derived from Eu3þ was the
highest at pH 8. Presumably, TC and Eu3þ have the
most favorable binding condition at pH 8 [32,36].
Then, we further employed Eu3þ as the sensing
probe for TC trapped on our magnetic probes.
Fig. 3A and B shows the photographs of the samples
containing Eu3þ alone and our magnetic probes
mixed with Eu3þ, respectively, with an external
magnet next to each sample vial. No magnetic ag-
gregations were observed in the sample containing
Eu3þ alone. White precipitates (red circulated)
resulting from our magnetic probes were attached
to the wall next to the magnet. Fig. 3C and D shows
the photographs of our magnetic probe-TC conju-
gates obtained before and after adding Eu3þ. Given
that a high concentration of TC (1 mM) was present
in the samples of Fig. 3C, the conjugates with pale
greenish fluorescence resulting from TC were
observed, thereby indicating that TC was bound to
our magnetic probes. After adding Eu3þ, the solu-
tion became pinkish because of the formation of
Eu3þ-TC complexes (Fig. 3D), indicating that Eu3þ

could compete with Gd3þ to bind with TC on our
magnetic probe-TC conjugates, thus leading to the
release of TC and formation of Eu3þ-TC complex in
the supernatant. It was also clear from the dimin-
ishing of the thick greenish conjugates attached to
the wall next to the magnet. These results indicated
that Eu3þ can be used as the sensing probe in our
approach.

3.6. Examination of the optimal experimental
conditions

Eu3þ (50mL)withdifferent concentrationswasadded
to the magnetic Gd3þ-TC conjugates to optimize the
concentration of Eu3þ. SI Fig. S7AeS7F [https://www.
jfda-online.com/cgi/viewcontent.cgi?filename¼0&
article¼3457&context¼journal&type¼additional]
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show the representative fluorescence spectra of the
samples containingEu3þwithdifferent concentrations
obtained after mixing with our magnetic probes with
(red) and without bound with TC (black). SI Fig. S7G
[https://www.jfda-online.com/cgi/viewcontent.cgi?
filename¼0&article¼3457&context¼journal&type¼
additional] shows the summarized bar graphs by
plotting I’/I0’, where I0’ and I’ stand for the peakheight
at 615nmderived fromEu3þ obtained aftermixedwith
the Gd3þ-Tris conjugates and the Gd3þ-Tris-TC con-
jugates, respectively. However, the result suggested
that the intensity of Eu3þ at low concentrations
(�31.3 mM) was too low to be calculated accurately,
thus leading to a large error. Thehighest enhancement
of the fluorescence intensity was found when the
concentration of Eu3þ reached 62.5 mM in themixture.
Thus, Eu3þ with a final concentration of 62.5 mM was
used in the following studies.
The incubation time for mixing our probes with

Eu3þ was also examined. SI Fig. S8 [https://www.
jfda-online.com/cgi/viewcontent.cgi?filename¼0&
article¼3457&context¼journal&type¼additional]
shows the summarized results. The fluorescence
intensity at 615 nm reached the maximum when the
incubation time reached 15 min. When the incuba-
tion time was longer than 15 min, the fluorescence
intensity slightly decreased. This was possibly
because the TC was reversely bound to the probes.
Therefore, 15 min was selected as the incubation
time.

3.7. Quantitative analysis

To evaluate the feasibility of our method for quan-
titative analysis of TC, we conducted experiments
using samples with different concentrations of TC,
and the results are shown in Fig. 4A. The fluorescence

spectra of the samples were obtained using our
method, and the data demonstrate the ability of the
method to quantify TC in a concentration-dependent
manner. The maximum emission of Eu3þ at 615 nm
gradually increased with the increase of the concen-
tration of TC. Fig. 4B shows the corresponding graph,
and Fig. 4C shows the calibration plot with a linear
dynamic range of 20e320 nM (Y ¼ 5.04 � 102

Xþ 4.67� 103, R2¼ 0.987). The limit of detection (LOD)
was estimated to be ~2.0 nM, which was calculated
basedon3s/slope.sdenotes the standarddeviationof
the blank sample, whereas the slope denotes the slope
of the calibration curve. The LOD was lower than the
MRL of TC regulated by the European Union (i.e.,
225 nM) [38].

3.8. Naked eye detection

We also investigated the possibility of using the
naked eye as the detection method for the samples
containing TC because of the high sensitivity of our
method. Fig. 5A shows the photographs of the
samples containing TC with the concentration of
0e10 mM obtained after enrichment by our magnetic
probes followed by Eu3þ sensing under the illumi-
nation of a UV lamp (lmax ¼ 365 nm). The fluores-
cence obtained from the sample containing TC with
the concentration of 0.156 mM could be slightly
distinguished from blank. After the samples stood
for ~5 min, the precipitates resulting from the con-
jugates of the magnetic probe-TC-Eu3þ conjugates
with pink emission were observed on the bottom of
the vials with a concentration of TC above 0.156 mM
(Fig. 5B). The results demonstrated that we could
visualize the results of the samples containing TC
with a concentration above ~0.156 mM using our
approach. The lowest visible concentration was

Fig. 3. Photographs of (A) Eu3þ only (0.05 M, 0.1 mL) and (B) our magnetic probes mixed with the same concentration of Eu3þ. The circulated part
indicates where the magnetic conjugates are. Photographs of our magnetic probe-TC conjugates obtained (C) before and (D) after the addition of Eu3þ.
These photographs were taken under UV light (l ¼ 365 nm) in the dark.
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Fig. 5. Photographs of the sample (1 mL) containing TC (0e10 mM) obtained after using the Gd3þ conjugates as trapping probe followed by adding
Eu3þ. The photographs were taken by a camera under a UV light (lmax ¼ 365 nm) obtained (A) before and (B) after standing for 5 min.

Fig. 4. (A) Fluorescence spectra of the samples containing TC (20e5120 nM) obtained by using the Gd3þ probes as the probes followed by adding
Eu3þ (0.1 mM, 50 mL). (B) The corresponding plot by plotting the peak intensity at 615 nm versus TC concentration based on the results obtained in
Panel (A). (C) The plot with the linear dynamic range obtained from Panel (B).
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lower than that MRL of TC regulated by the Euro-
pean Union (i.e., 225 nM) [38], indicating the pos-
sibility of using the developed method for rapid
screening of the presence of TC in aqueous samples.

3.9. Effects of interference species

The selectivity of our approachwas investigated by
spikingNaþ, Kþ, Mg2þ, Ca2þ, Fe3þ, alanine, histidine,
serine, and glucose to the samples containing TC. SI
Fig. S9 [https://www.jfda-online.com/cgi/view
content.cgi?filename¼0&article¼3457&context¼
journal&type¼additional] presents bar graphs sum-
marizing the intensity at 615 nm obtained from the
fluorescence spectra of the samples containing TC
(100 nM) and the interference (1 mM) described
earlier, as well as samples without TC. The data
demonstrate the effectiveness of our method in dis-
tinguishing TC signals from interference signals,
which is critical for accurate quantification in com-
plex sample matrices. The fluorescence intensity of
the resultant samples looked similar in the presence
of those interference species (red bars). The presence
of those interference species in the blank samples did
not cause an apparent increase in the fluorescence
background (blue bars). Although Mg2þ, Ca2þ, Fe3þ

possess chelating capability with TC, the amount of
Gd3þ in the probeswasmuchhigher than thesemetal
ions in the sample, leading Gd3þ has a higher
competitive power than other metal ions. These re-
sults suggested that the developed method was not
affected too much by these selected interference
species.

3.10. Examination of selectivity

To examine the selectivity of our method, we
selected oxytetracycline (oxyTC) and penicillin as
the model antibiotics. We prepared samples con-
taining TC alone, mixtures of TC and oxyTC, or
penicillin. The summarized results are shown in SI
Fig. S10 [https://www.jfda-online.com/cgi/view
content.cgi?filename¼0&article¼3457&context¼
journal&type¼additional]. The peak intensity at
615 nm was similar between the samples containing
TC alone (marked as control) and the mixture of TC
and penicillin (marked as penicillin) (blue bars). The
structures of TC and penicillin are quite different, so
it was not surprising to see that our method had
good selectivity against TC in the mixture. This was
also confirmed by the result from the sample con-
taining penicillin alone (orange bar marked as
penicillin), where the intensity at 615 nm was
similar to that obtained from Tris buffer (orange bar
marked as control). However, the peak intensity at

615 nm obtained from the sample containing TC
(100 nM) and oxyTC (50 nM) was ~25% higher than
that obtained from the control sample containing
TC alone (blue bar marked as control). Additionally,
the peak intensity at 615 nm (orange bar marked as
oxyTC) derived from the sample containing only
oxyTC was ~50% of the control (blue bar marked as
control). Based on these results, our method can be
used to detect the presence of oxyTC due to its
similar structure and fluorescence feature to TC.
However, it cannot be used to distinguish TC from
oxyTC.

3.11. Evaluation and precision and accuracy

To determine the precision and accuracy of our
method, a sample containing TC (50 nM) was used as
the model sample. Multiple analyses were
conducted, i.e. three times a day for four days. The
concentrations of the samplesweredeterminedusing
the calibration curve shown in Fig. 4C, and the results
are presented in SI Table S1 [https://www.jfda-
online.com/cgi/viewcontent.cgi?filename¼0&article
¼3457&context¼journal&type¼additional]. The
precision and accuracy of the method were found to
be 18.5% and 90.0%, respectively. The observed var-
iations in the results could potentially be attributed to
the variation of the amount of the probes used in each
run, as the suspension of Gd3þ-Tris precipitates was
used as the probes.

3.12. Analysis of the simulated real sample

A chicken broth sample spiked with TC (50 nM)
was used as a simulated real sample and quantified
by using the standard addition method to evaluate
the feasibility of using our approach for the analysis
of real-world samples. Fig. S11 [https://www.jfda-
online.com/cgi/viewcontent.cgi?filename¼0&
article¼3457&context¼journal&type¼additional]
shows the resultant plot (Y ¼ 7.15 � 102

X þ 3.63 � 104, R2 ¼ 0.967) by plotting the fluores-
cence intensity at the wavelength of 615 nm versus
the concentration of TC added in the samples.
The concentration of TC in the sample was deter-
mined to be 50.8 nM, accordingly. The determined
value was only ~1.6% different from the true
value of 50 nM, indicating the suitability of using
our approach to quantify TC from complex samples.

4. Conclusions

Although various magnetic probes have been
developed for trapping TC, their fabrication
methods are generally time-consuming and labor-
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intensive. In this study, we have explored a new
method for trapping TC using Gd3þ as the magnetic
probe. When preparing Gd3þ in Tris buffer, the
magnetic Gd3þ-Tris conjugates were readily formed
and possessed selective trapping capacity against
TC. The generation of the magnetic probes only
took ~60 min. Using the developed probes to
selectively trap TC from complex samples only took
~35 min because of the manipulable magnetism and
good trapping efficiency. Moreover, we successfully
used Eu3þ as the fluorescence sensing probe for the
TC bound on the magnetic probe-TC conjugates.
Eu3þ possessed good binding affinity with TC,
whereas TC can enhance the fluorescence derived
from Eu3þ. Generating our probes is much simpler
and easier than other existing approaches. Our
method can be used to detect TC derivatives,
including oxyTC, which possess similar structures
and fluorescence features to TC. However, it cannot
be used to distinguish TC from oxyTC. Moreover,
we believe that it is possible to further apply mag-
netic metal ions as probes to interact with other
target species of interest if the target analytes have a
specific binding affinity with the selected magnetic
metal ions based on the HSAB theory. Such ap-
proaches not only possess a specific affinity for
specific analytes but also can greatly reduce the time
required for the fabrication of magnetic probes.
Thus, we are optimistic about the future develop-
ment of using magnetic metal ions as probes in the
development of affinity-based analytic methods.
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