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There is a persistent need for effective sensors to detect rare earth element ions (REEIs) due to their
effects on human health and the environment. Thus, a simple and efficient fluorescence-based detection
method for REEIs that offers convenience, flexibility, versatility, and efficiency is essential for ensuring
environmental safety, food quality, and biomedical applications. In this study, 6-aza-2-thiothymine-gold
nanoclusters (ATT-AuNCs) and bovine serum albumin/3-mercaptopropionic acid-AuNCs (BSA/
MPA-AUNCs) were utilized to detect 14 REEIs (Sc®*, Gd®*, Lu®*, Y3+, Ce®*, Pr¥*, Yb**, Dy**, Tm®*, Sm®*,
Ho®*, Tb**, La®*, and Eu®*), resulting in the creation of a simple, sensitive, and multi-target fluorescence
sensor array detection platform. We observed that REEIs exert various enhancement or quenching effects
on ATT-AuNCs and BSA/MPA-AuUNCs. Thus, these two probes function as double signal channels, with
the different effects of REEIls serving as signal inputs. Pattern recognition methods, including hierarchical
cluster analysis (HCA) and linear discriminant analysis (LDA), were used to assess the recognition perform-
ance of the constructed sensing system. Beyond the excellent ability to recognize individual REEIs, the
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platform is also capable of distinguishing mixed REEIs. Also, this approach was validated by applying it to
detect REEIs in purified water samples. This method not only minimizes the need for synthesizing and
optimizing new probes but also offers a novel approach for the determination and identification of

rsc.li/analyst diverse analytes, filling a gap in the detection of a large number of REEIs simultaneously.
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cell labeling and imaging through REEI doping
delivery using REEI-based metal-organic frameworks.

and drug

15-17

Introduction

Rare earth elements (REEs) are widely used across various
fields due to their unique physical and chemical properties.'™
Naturally occurring in the human body, REE ion (REEI) con-
centrations are approximately 1 ng kg™*,* which is 1000 times
lower than the LDs, (lethal dose for 50% of the population) of
1 mg kg™* observed in mice.”® Although REEIs have been
shown to exhibit toxic effects on various organisms,” recent
research has leveraged these toxic properties for cancer treat-
ment.® For instance, some studies utilize the propensity of
REEIs to compete with Ca®* ions, reducing protein phosphoryl-
ation activity in astrocytes and thereby interrupting normal
functions, leading to cell death.’™* With ongoing research, the
applications of REEIs in biomedicine are expanding, such as
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Thus, accurately detecting REEI concentrations is vital for
both medical treatments and daily health monitoring. Current
methods for detecting REEIs include atomic absorption
spectroscopy (AAS), X-ray fluorescence spectroscopy (XFR),
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), and inductively coupled plasma mass spectrometry
(ICP-MS)."® ! However, these technologies are time-consum-
ing and require expensive equipment and complex procedures.
Recently, fluorescence-based detection methods have gained
attention due to their high sensitivity, simplicity, rapidity, and
cost-effectiveness in detecting REEIs.”>>* Therefore, using an
easy and simple fluorescence-based detection approach for
REEIs could provide a convenient, versatile, efficient, and valu-
able tool for ensuring environmental safety and food quality.
The fluorescence sensor array is a novel method developed
from fluorescence analysis.>® Compared to traditional detec-
tion methods, the fluorescence sensor array not only retains
the advantages of conventional fluorescence analysis but also
allows simultaneous detection and differentiation of multiple
targets.”*° Much like the human taste system, the fluo-
rescence sensing array consists of multiple sensing elements
that exhibit cross-responses, generating a unique composite

This journal is © The Royal Society of Chemistry 2025
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response for each analyte. This method relies on collecting
multiple responses for each target, aiding in their identifi-
cation. One of the key advantages of this approach is its
reliance on analyzing various response patterns rather than
specific receptor-target interactions.?” > Typically, the sensor
array requires at least two analytical signals to detect multiple
targets.’’* The target analytes have different effects on the
probes, generating distinct signals for differential analysis.*'"*>
Using linear discriminant analysis (LDA) and hierarchical
cluster analysis (HCA) to analyze and process these signals,
multidimensional data models are established to identify and
determine unknown analytes. This approach overcomes the
limitations of single-sensor, single-analyte detection, enabling
high-throughput analysis.?® Therefore, there is a great need for
this technology to simultaneously detect the largest possible
number of REEISs.

Gold nanoclusters (AuNCs), with diameters smaller than
2 nm, possess unique physical and chemical properties.*”°
As a novel fluorescent material, AuNCs are characterized by
easy preparation, functionalization, low toxicity, ultrafine par-
ticle size, good photostability, large Stokes shift, and tunable
emission.**™** Additionally, due to the exceptional photoelec-
trochemical properties of AuNCs, they are extensively utilized
in catalysis, ion and biomolecular monitoring and analysis,
biological imaging, biomarkers, and various other fields.”
These attributes make AuNCs ideal materials for sensing appli-
cations. While AuNCs have numerous applications, traditional
detection methods typically employ a single probe to identify a
single compound, following a lock-and-key approach.?® This
conventional method is limited in its ability to detect a variety
of compounds with similar structures. However, recent
advancements have seen the use of AuNCs in developing
sensor arrays for broader applications, including detecting
heavy metal ions,*>*® proteins,**" small molecules,>*>> bac-
teria,>® and cells.>® However, research on the application of
sensor arrays to detect REEIs using AuNCs is limited, particu-
larly for the detection of multiple REEIs. Therefore, a method
that addresses the significant gap in using AuNC-based sensor
arrays for detecting REEIs, combining the advantages of
AuNCs and sensor array technology and offering stable output
signals, simple operation, and sensitive detection, is essential
for effective REEI detection.

Our previous research demonstrated that certain REEIs can
affect the fluorescence of AuNCs. Specifically, it was found that
Eu’" significantly quenches the emission of AuNCs through a
photoinduced electron transfer (PET) mechanism, while Sc**
enhances the photoluminescence of AuNCs via the restriction
of intramolecular motion (RIM) strategy.>”>® Building on this
concept, the present study employed two AuNC-based probes,
namely 6-aza-2-thiothymine-gold nanoclusters (ATT-AuNCs)
and bovine serum albumin/3-mercaptopropionic acid-AuNCs
(BSA/MPA-AuNCs), to develop a fluorescence sensor array plat-
form for detecting 14 REEIs (Sc**, Gd*", Lu*", Y**, ce*", pr*",
Yb*", Dy**, Tm**, Sm**, Ho**, Tb**, La*", and Eu*"). The results
showed that this approach achieved a discrimination accuracy
of 100%. This method was also applied to real samples (com-
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mercially available purified water), maintaining 100% accuracy
and demonstrating the platform’s potential for comprehensive
REEI detection. This is the first application of the AuNC-based
fluorescence sensor array technology for the detection of a
large number of REEIs, providing a basis for future appli-
cations of sensor arrays for on-site detection and other appli-
cations in different domains. The procedures of our sensing
array for differentiating various REEIs are illustrated in
Scheme 1.

Experimental section
Preparation of ATT-AuNCs

0.12 g of sodium hydroxide (NaOH) was dissolved in 15 mL of
deionized water. Next, 0.17 g of 6-aza-2-thiothymine (ATT)
powder was added to the prepared 0.20 mol L™' NaOH solu-
tion. Then, 15 mL of HAuCl, (10 mg mL™") was added and
mixed well. The mixture was stirred in a dark room at 30 °C for
2.5 hours. The resulting solution was purified by dialyzing it
in deionized water using a 3500 KD dialysis bag for 24 hours.
The purified solution was collected and stored at 4 °C under
dark conditions.>*®°

Preparation of BSA/MPA-AuNCs

0.625 g of bovine serum albumin (BSA) and 0.849 g of 3-mer-
captopropionic acid (MPA) were dissolved in deionized water
to prepare solutions with concentrations of 50 mg mL™" and
4 mol L™, respectively. 12.5 mL of the BSA solution was mixed
with 12.5 mL of HAuCl, (10 mg mL™"). 1.25 mL of NaOH
(1 mol L") was added to 1.25 mL of the MPA solution (4 mol
L™"). The reaction was allowed to proceed in a dark room at
4 °C for 1 hour. The reaction mixture was purified by dialyzing
it in a 3500 KD dialysis bag, first in a phosphate buffer solu-
tion (pH = 3, 20 mmol L") for 24 hours and then in deionized
water for another 24 hours. The resulting solution was stored
at 4 °C under dark conditions.**

Detection procedures

To construct the REEI sensor array detection platform, 200 pL
of each REEI (Sc*", Gd*", Lu*", Y**, ce*", pr*, Yb**, Dy**, Tm*",
Sm**, Ho*", Tb*", La’", and Eu*") was mixed with 100 pL of
ATT-AuNCs and BSA/MPA-AuNCs in a glycine-NaOH (Gly-
NaOH) buffer (pH = 8.0, 50 mmol L) to a total volume of
2 mL. The mixtures were allowed to react at room temperature
for 5 minutes. The fluorescence intensity of the ATT-AuNC
mixtures was measured at an excitation wavelength of 470 nm,
and the fluorescence intensity of the BSA/MPA-AuNC mixtures
was measured at 250 nm. Each REEI was tested in parallel five
times, resulting in a training data matrix of 2 channels x 14
REEIs x 5 repetitions. The raw fluorescence data were pro-
cessed using the formula (F, — F)/F,, where F, is the fluo-
rescence intensity of the probe without REEIs and F is the fluo-
rescence intensity with REEIs. This normalization minimizes
potential biases due to signal intensity differences. The pro-
cessed data were analyzed using HCA and LDA in SPSS 25.0.

Analyst, 2025, 150, 612-619 | 613
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Scheme 1 |llustration of a fluorescence sensor array using ATT-AuNCs and BSA/MPA-AuNCs for detecting 14 rare earth element ions (REEIs).
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Fig. 1 (A) The red line represents the photoexcitation spectrum and the blue line indicates the photoemission spectrum of ATT-AuNCs. The inset
displays a photograph of ATT-AuNCs illuminated with UV light. (B) The blue line shows the photoexcitation spectrum and the yellow line represents
the photoemission spectrum of BSA/MPA-AuNCs. The inset includes a photograph of BSA/MPA-AuNCs under UV light.

Fluorescence response graphs were created using Origin 8.5 to
evaluate the response capabilities of ATT-AuNCs and BSA/
MPA-AuNC:s to different REEISs.

Results and discussion
Synthesis and characterization of the sensor array of materials

Our previous research demonstrated that the presence of
REEIs results in either quenching or enhancing the emission
of AuNCs.?”*® Consequently, we developed a sensor array uti-
lizing two AuNC-based probes (ie., ATT-AuNCs and BSA/
MPA-AuNCs) for the qualitative and quantitative analysis of
various REEIs based on the distinct fluorescence spectra gen-
erated by the interactions between the probes and individual
REEL The preparation of these two fluorescent probes was

614 | Analyst, 2025, 150, 612-619

carried out as previously described.®®®! Fig. 1 illustrates that
the excitation wavelengths of ATT-AuNCs and BSA/MPA-AuNCs
are 470 nm (with an emission wavelength of 520 nm) and
250 nm (with an emission wavelength of 580 nm), respectively.
These results are consistent with spectra from our prior
studies.®”®" The left and right insets display the green fluo-
rescence of ATT-AuNCs and the orange fluorescence of BSA/
MPA-AuNCs under UV light, respectively. These results
confirm the successful synthesis of the two fluorescent probes.

Feasibility of the constructed sensor array platform for REEI
detection

To establish a sensor array detection platform for REEIs, we
utilized ATT-AuNCs and BSA/MPA-AuNCs to detect 14 REEIs at
a concentration level of 2 pmol L™, As depicted in Fig. 2A, the
14 REEIs exhibited distinct responses to both ATT-AuNCs and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) Histogram showing the response capabilities of the ATT-AuNC and BSA/MPA-AuNC probes to 14 REEIls. (B) Dendrogram generated using
HCA. (C) Cluster diagram obtained through LDA. The final concentration of all REEIs was 2 pmol L™,

BSA/MPA-AuNCs, generating diverse signal inputs based on
their respective responses. Upon closer examination of this
figure, it is evident that Eu®* induces a quenching effect on
the fluorescence of both probes, while other elements have
only minor impacts in the case of BSA/MPA-AuNCs, likely due
to the PET effect.>” Conversely, the other REEIs have noticeable
enhancement effects on ATT-AuNCs, which may be attributed
to the restriction of intramolecular motion (RIM) strategy.’®
Hierarchical cluster analysis (HCA) was employed to process
the obtained data, resulting in the dendrogram shown in
Fig. 2B, where five sets of parallel experiments were well-clus-
tered, with each REEI forming distinct clusters, indicating
clear differentiation among the 14 REEIs without interference.
Subsequently, the differential signals were subjected to linear
discriminant analysis (LDA), yielding the discriminant plot
depicted in Fig. 2C, which achieved a discrimination accuracy
of 100%. From Fig. 2C, it can be observed that the signals
from multiple parallel experiments were stable, forming dis-
tinct clusters without overlap or interference between groups.
The results from both HCA and LDA demonstrated the feasi-
bility of the proposed method utilizing a double-probe sensor
array for detecting the 14 REEIs. Consequently, it is highly rec-
ommended to utilize the proposed sensor array for detecting
REEIs at various concentrations to ensure its validity.

To further evaluate the detection performance of this strat-
egy, we expanded the concentration range of REEIs and tested
concentrations of 0.5 pmol L' and 1 pmol L™". The LDA algor-

This journal is © The Royal Society of Chemistry 2025

ithm was applied to generate the cluster plots shown in
Fig. 3A and B. From Fig. 3, it is evident that the majority of
cluster points are distributed independently and can be
directly distinguished. While a small portion of the area may
not be directly distinguishable due to the size of the viewing
sphere, the detection accuracy in those regions remained at
100%. This suggests that our proposed detection platform
using ATT-AuNCs and BSA/MPA-AuNCs demonstrates out-
standing performance in identifying the selected REEIs
across various concentrations. These findings encourage us
to utilize our method for the quantitative analysis of the
selected REEISs.

Quantitative analysis of the selected REEIs

Due to their significant impact on health and the environ-
ment, performing the quantitative analysis of REEIs is crucial.
To assess the quantitative detection capability of the sensor for
REEIs, we selected four specific ions, namely Dy*", S¢**, Lu®",
and Pr’** as evaluation standards, establishing a series of gradi-
ent concentrations for quantitative assessment. Standard
curves were plotted for various REEIs present in the system. As
depicted in Fig. 4A1, the sensor exhibited distinct responses to
different concentrations of Dy**, with a gradual rise followed
by a decline in trends. Processing via LDA computation, the
clustered points in Fig. 4B1 demonstrated a consistent
response trend similar to that in Fig. 4A1, achieving a 100%
accuracy rate. Plotting each concentration point and utilizing

Analyst, 2025, 150, 612-619 | 615


https://doi.org/10.1039/d4an01520g

Published on 14 gennaio 2025. Downloaded on 14/02/2026 03:56:22.

Paper

>

Factor 2 (9.3%)

20 4

10 ,-8 ----- 5 gg%
o Lo C @
| @ G @ Dy*! o

0 @ Tm" @ Ho"l

T '@ sm” @ Wb

'@ La* o Euw!
JOTbyJScs"

10{ 8 Loy o w 3

20 §

80 40 0
Factor 1 (90.7%)

40- #

S o e o |

e 19 G @ Dy |

'-f‘_)zo' @ Tm" @ Ho™ | R

s '@ S @ Yo ! %

N 9 La* @ B !

5 '9 ™* @ sc* !

g of oy or! 9 8

(]

L
¢ 29 %
o - ) [} @

80 40 0 40

Factor 1 (84.6%)

View Article Online

Analyst

Fig. 3 Canonical score plots for the sensing array using the ATT-AuNC and BSA/MPA-AuNC probes to differentiate 14 REEIs at (A) 0.5 pmol L™* and

(B) 1 umol L2
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relationship between EDs and the concentrations of REEls.

the Euclidean Distance (ED) as the vertical axis,”* Fig. 4C1
shows a linear relationship within the 0.05-0.4 pmol L™ con-
centration range, with an R* value of 0.994 and a low detection

limit (LOD) of 7.3 nmol L™ (LOD = 36/S, where ¢ represents
the standard deviation of the blank response (or noise) and S

is the slope of the calibration curve). Similarly, for Sc**, Lu®*",
and Pr*" (Fig. 4A2-4, B2-4, and C2-4, respectively), LDA com-
putations yielded a 100% accuracy rate, with a linear range of
0.05-0.5 pmol L™' and R? values of 0.997, 0.996, and 0.999,
respectively. LOD values were determined to be 0.2 nmol L™" Lu®
for Sc*, 14.3 nmol L™ for Pr**, and 15.8 nmol L™ for Dy*".

616 | Analyst, 2025, 150, 612-619

Table 1 LOD values of the selected 4 REEIs

These findings underscore the suitability of this strategy not
only for the identification but also for the quantitative detec-
tion of REEIs (Table 1).

Rare earth ion

Linear range (umol L™")

LOD (nmol L")

D 3+
sg“*

Pl'3 +

0.05-0.5
0.05-0.5
0.05-0.5
0.05-0.5

7.3
0.2
14.3
15.8

This journal is © The Royal Society of Chemistry 2025
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Detection of REEIs at different ratios

To validate the sensor’s detection performance for mixed
samples, two REEIs (Lu*" and Pr’*) were chosen for mixing
in different ratios at a total concentration of 1 umol L™" (i.e.,
Lu*:Pr** = 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and
1:9). As observed in Fig. 5A, the fluorescence rates of both
probes showed an increasing trend as the proportion of Lu**
decreased and Pr’" increased. From Fig. 24, it is evident
that Lu®* has a greater impact on both probes compared to
Pr** (Fig. 5A). Furthermore, the data were processed via
LDA, resulting in a 100% accuracy rate. The clustered points
in Fig. 5B were independently distributed and non-overlap-
ping, indicating the double-probe detection strategy’s effec-
tiveness in distinguishing mixed REEI samples. This result
suggests that the proposed fluorescent sensing array has a
high capability for differentiating between mixtures of
REEIs. Altogether, these results demonstrate that the pro-
posed sensor array has potential for the qualitative and
quantitative detection of REEIs, suggesting the feasibility of
applying this approach to detect REEIs in real-world
samples.
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>

(Fg- F)/FO

View Article Online

Paper

The selectivity and applicability of the proposed sensor array

We selected a range of common metal ions (Na*, K', Ca**, Zn>",
Mg>", Fe**, Cu”*, and Ba®") to test the selectivity and interference
resistance of our sensor array, thereby validating the reliability of
the sensor strategy designed. As depicted in Fig. 6A, the black
clustered points represent interfering metal ions, while the rest
represent the 14 REEIs. The interfering metal ions and the
detected REEIs are mutually independent, allowing for good
differentiation. These results confirm the high selectivity of our
proposed sensor array for detecting the selected REEISs, indicating
its potential suitability for real-world applications.

Additionally, by testing commercially available purified
water from a certain brand to assess whether it contains REEIs
and complies with food quality safety, we prepared a glycine-
NaOH buffer detection system with pH = 8, added REEIs at a
concentration of 1 pmol L™, and processed the obtained data
using LDA to produce the cluster plot. From Fig. 6B, it is
evident that all the selected REEIs form individual clusters
and are independently distributed, with no overlapping or
interference between the clusters. The accuracy of the results
was 100%, indicating that the sensing detection platform con-
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Fig. 5 (A) Histogram displaying the response of the probes at varying ratios of Lu®** and Pr®* at a total concentration of 1 pM, with ratios ranging
from 9:1to 1:9 for Lu®** to Pr*, respectively. (B) Cluster diagram of the mixed sample as calculated using LDA.
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Fig. 6 (A) Cluster diagram illustrating the impact of common metal ions and 14 REEIs on the double probe. (B) Cluster diagram depicting the

response of the double probe to 14 REEIs in real-world samples.
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structed in this study can detect REEIs in actual samples and
has significant potential for qualitative and quantitative analysis
in complex testing environments. Therefore, this approach
could be effectively utilized as a sensitive, selective, rapid, and
reliable biosensor for monitoring various REEIs in the bio-
medical, environmental, and food industry sectors.

Conclusion

In summary, this study utilized ATT-AuNCs and BSA/
MPA-AuNCs to detect 14 REEIs, establishing a simple, sensi-
tive, and multi-target analysis fluorescent sensor array detection
platform. We observed that REEIs have varying enhancement
or quenching effects on ATT-AuNCs and BSA/MPA-AuNCs.
Consequently, we considered these two probes as distinct signal
channels and used the different effects of REEIs as signal
inputs. Utilizing the cross-response phenomena of REEIs with
ATT-AuNCs and BSA/MPA-AuNCs, we employed pattern reco-
gnition methods (i.e., HCA and LDA) to create a “fingerprint
map” of the targets, enabling discrimination and differentiation
of various REEIs. By leveraging these pattern recognition tech-
niques, we achieved excellent differentiation of REEIs, with a
classification accuracy of 100%. Besides the outstanding identi-
fication capability for individual REEIs, this platform is also
capable of distinguishing mixed REEIs. Through testing com-
mercially available purified water containing doped REEIs, we
further validated the practical application of the sensor array,
with a classification accuracy of 100%. As the fluorescent sensor
array comprises only two probes, this strategy reduces the syn-
thesis and optimization of new probes, thus potentially aiding
in the simple and effective identification of multiple REEIs.
This study provides a new method for the simultaneous deter-
mination and identification of various analytes, filling the gap
in REEI-based sensor array detection.
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