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ARTICLE INFO ABSTRACT

Keywords: The presence of hazardous, radioactive, and rare earth metal such as yttrium (Y>*) in water poses a serious
Chlortetracycline health concern to the public health, thus, exploring novel Y**-binding molecules and colorimetric indicators are
Silver nanoparticles desired. Chlortetracycline (CTC)-functionalized silver nanoparticles (AgNPs—CTC) were synthesized, purified by
Colorimetric

centrifugation and then characterized by UV-vis spectroscopy, XPS, XRD, and HR-TEM. Functionalization of
AgNPs with CTC molecules enabled the rapid and sensitive detection of trivalent yttrium ion (Y3"). A decrease
in the intensity of the original surface plasmon resonance peak at 420 nm was observed within the fraction of a
min, with the simultaneous appearance of a new peak at a longer wavelength (540 nm); thus, a novel colori-
metric and ratiometric absorbance probe was achieved. The free-O-containing moieties of CTC on the AgNPs
surface coordinate with Y2*. Thus, CTC molecules led to the bridging of the AgNPs and subsequent aggregation.
A good linear relationship (R? = 0.933) in the range of 18 to 243 nM for Y3* was observed, and the limit of
detection (LOD) for ratiometric results was approximately 57.7 nM. The AgNPs—CTC sensor exhibited better
colorimetric performance in terms of excellent sensitivity, LOD, and rapid formation of the AgNPs-CTC complex
towards Y>*. The Y®* spiked water samples from different sources and fetal bovine serum suggest that the
developed method is practically useful and essentially portable for on-site monitoring. The AgNPs—CTC sensor
can be also applied as a common colorimetric indicator for the detection of trace levels of Y>* and lanthanides.

High sensitivity
Radioactive metals
Yttrium
Lanthanides

1. Introduction typically been used to detect Y>*. Also, some fluorescence sensors for

Y®* have also been reported, that shown molecular recognition cap-

Facile detection of metal ions is of interest with high sensitivity,
basically in aqueous media, is an important research area. Over the past
several decades, research into the applications and biological sig-
nificance of yttrium-compound based biomedical products has in-
creased dramatically [1,2]. It is one of the important radioisotopes
frequently released from radioactive waste into the environment [3].
Yttrium (Y3") are quite hazardous and non-biodegradable; thus, they
must be detected and safely removed from polluted streams. Similarly,
increased use of lanthanides in catalysis, fertilizer, and medical diag-
nosis, it has raised serious concerns over their potential in pollution and
deserves new methods detection of trace levels [4]. Traditional methods
such as inductively coupled plasma atomic emission spectrometry [5],
and inductively coupled plasma mass spectrometry (ICP-MS) [6] have
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ability for the Y3* metal ions [7,8]. In addition, only a limited number
of Y3+ samples have thus far been examined [9]. As such, the devel-
opments of more effective, rapid, and selective colorimetric or spec-
trophotometric methods with the capability to detect Y3* ions with
nanomolar-level sensitivity are needed. To the best of our knowledge,
the present work is the first report on the sensitive colorimetric de-
tection and determination of Y** using chlortetracycline (CTC)-func-
tionalized silver nanoparticles (AgNPs-CTC) with a dependable and
rapid absorbance response.

Organic compounds with electron-donor functionality are important
in analytical chemistry, where they participate in environmental, bio-
logical, medicinal, and organometallic coordination reactions for
binding with metal ions [10]. Members of the tetracycline class of
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antibiotics have hydrophilic functional groups, are readily water-so-
luble, and acts as a chelating agent, particularly for trivalent metal ions
[11]. The motivation of the current study is to integrate previous ob-
servations concerning possible interactions between CTC and radio-
active Y>* by simply using CTC functionalized AgNPs. This study de-
monstrates that CTC readily caps onto the surface of AgNPs, thereby
providing not only long-term stability in the absence of other organic
compounds or aggressive reagents but also acts as a molecular platform
for the quantitative determination of Y>* ions. However, such ligand
coordination chemistry has yet to be explored as a colorimetric and
absorbance sensor for Y3*.

In the present work, we developed a colorimetric sensor to detect
Y3* concentrations at the nanomolar level using AgNPs—CTC. The
newly developed colorimetric method is based on the complexation of
CTC with Y3®" in a weakly acidic to weakly basic medium (5 <
pH < 9.0) at ambient temperature. The absorbance of the resultant
suspension was orange and red-colored after AgNPs—-CTC binding with
Y3* and it was measured at two different A, values of 420 and
540 nm. In this sensor, the absorbance band of the AgNPs—CTC ligand
pairs well with the excitation energy of Y>*, which leads to a high
energy transfer from the CTC to the Y**, induces aggregation and red-
shift of the absorption peak. Y>* binds with CTC through a potential O-
containing moiety; CTC thus acts as a chelating ligand, where the ab-
sorbance intensity of the AgNPs is influenced by the concentration of
Y3+ ions. The AgNPs-CTC sensor was also used to detect Y>* in spiked
samples such as real water samples from different sources and fetal
bovine serum; the obtained results were satisfactory and sensible.

2. Experimental details
2.1. Materials and reagents

Silver nitrate (AgNO3) was obtained from Sigma-Aldrich Chemical
Co. (United States). Yttrium salt and NaOH were obtained from Dae
Jung Chemical Co. (South Korea). Chlortetracycline (CTC) was ob-
tained from MB Cell Co. (South Korea). All metal salts were purchased
either from Dae Jung Chemical Co. (South Korea), Kanto Chemical Co.
(Tokyo, Japan), or Nacalai Tesque Inc. (Kyoto, Japan). All aqueous
reagent solutions and AgNPs dispersions were prepared using nanopure
water (Thermo Scientific, South Korea).

2.2. Synthesis of AgNPs-CTC

CTC is the first tetracycline antibiotics isolated from an organism
named Streptomyces aureofaciens. In veterinary medicine, CTC is being
used to treat conjunctivitis and infected wounds in dogs, cats, and
horses. In this study, we used CTC as a reducing and stabilizing agent
for the synthesis of AgNPs-CTC in aqueous solution by biochemical
reduction of AgNOs. This green nano-synthesis process was carried out
in 15 mL plastic tubes rinsed with copious amounts of nanopure water.
A mixture of 3mL of a 3mM solution of CTC with 0.2mL of 1.0 M
NaOH and 4.8 mL nanopure water was incubated at one of four dif-
ferent temperatures (20, 40, 60, and 80 °C). Finally, 2 mL of a 20 mM
solution of AgNO3; was mixed and incubated at temperatures as men-
tioned above. The color of the incubated solutions of all of the samples
rapidly changed from colorless to dark yellow and then to dark
brown.After the addition of 2 mL of the 20 mM AgNOs; solution, ali-
quots were collected from the reaction at different time intervals for
300 min. The AgNP-CTC aliquots were then analyzed by ultraviolet-
visible (UV-vis) spectrophotometry (Optizen 2120) in the wavelength
range from 300 to 800 nm. The AgNP-CTC solutions for UV-vis spec-
troscopy were diluted by the addition of 0.05 mL of the reaction solu-
tion into 1.95mL of nanopure water. The evolution of the UV-vis
spectrum and absorbance of each sample were plotted vs. time (from 10
to 300 min) to characterize the optical properties and productivity
based on the A, values.

Colloids and Surfaces B: Biointerfaces 183 (2019) 110436
2.3. AgNPs-CTC purification

The AgNPs-CTC solution prepared at 80°C was centrifuged at
12,000 rpm for 15 min. A pellet of the ultracentrifuge AgNPs was dis-
persed in nanopure water. The removal of excess NaOH, AgNOs, and
CTC increased the sensitivity of the AgNPs-CTC towards the Y>* ions.

2.4. Instrumentation

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo
Scientific (Theta Probe ARXPS), X-ray photoelectron spectrometer
equipped with an Al K, X-ray source to determine the chemical com-
position of the synthesized AgNPs-CTC. High-resolution transmission
electron spectroscopy (HR-TEM) images of the AgNPs-CTC were col-
lected using a JEOL JEM-2100F before and after the AgNPs-CTC in-
teracted with Y>*. To investigate the coordination of the Y>* with the
AgNPs-CTC, energy-dispersive spectroscopy (EDS) elemental mapping
was carried out using the JEOL JSM-2100 F electron microscope. X-ray
diffraction (XRD) measurements were performed on a PANalytical
X’Pert Pro diffractometer equipped with a Cu K, radiation source
(A = 1.5405 A); the scan speed was approximately 2°/min.

2.5. Sensing experiments

2.5.1. Determination of Y>* ions

The colorimetric detection of Y>* was carried out in aqueous so-
lutions at ambient temperature (22 °C). In a typical measurement, the
detection of Y>* was carried out using the following procedure: AgNPs-
CTC (50 pL) and different concentrations of Y3+ ions (from 18-243 nM)
were added to water. After the coordination reaction was allowed to
proceed for 10 min, the colorimetric changes were recorded using a
UV-vis spectrophotometer. The corresponding color changes of the
sensor solutions were photographed using a Samsung 8+ smartphone.

2.5.2. Effect of pH

The effect of pH values on the colorimetric detection performance
was studied as follows: 50 uL of AgNPs-CTC stock solution was sus-
pended in 0.85 mL of water in a UV-vis cuvette at different pH levels
(2.1,3.3,4.1,5.2,6.0, 7.3, 8.2, and 9.3). The suspension was allowed to
stand for 5 min, and the absorbance of the suspension was measured at
420 and 540 nm. Then, 100 uL of Y®* (1.87 uM) was added. The re-
action suspension was allowed to stand for another 5 min, and the ab-
sorbance of the suspension was again measured at 420 and 540 nm.

2.5.3. Time course of the AgNPs—CTC response toward Y°*

The response time of AgNPs—CTC towards Y>* was performed as
follows: 50 uL. of AgNPs-CTC stocking solution was suspended in
0.86mL of water. The absorbance intensity was then measured.
Subsequently, 90 pL of Y3* (1.87 uM) was added to the aforementioned
solution; the absorbance intensity was measured again at 420 and
540 nm every 60 s for 10 min.

2.5.4. Selectivity

To verify the selectivity of the CTC AgNP-based colorimetry, dif-
ferent metal cations (Y3, Zn2", Cd%*, Cu?*, Fe?*, Fe®*, Co?*, Ba?",
Se2+’ Hg2+, Mn2+, Cr3+, Ca2+, K+, Bi3+, Ge3+’ sz-v—’ M03+, Pb2+,
Cs*, Ni2*, Zr**, As®*, Mg?*, and trivalent lanthanides including
La3+, Tb3+, Sm3+, Gd3+, Pr3+, Nd3+, Dy3+, H03+, Er3+, Tm3+,
Yb3*, ce®", Lu®*, Eu®™) and anions (PO,>, NOs—, and PO,>"), were
tested in identical conditions. The selectivity of AgNPs—CTC towards
Y3* and lanthanides was confirmed as follows: 50 uL of AgNPs—CTC
stock solution was suspended in 0.90 mL of water. And 50 pL of these
above metal ions (1 ppm) was added and the UV-vis spectrums were
recorded after 30 min.
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2.5.5. Application to real water and serum samples

The real samples river water collected from the Han River and tap
water collected from the laboratory were centrifuged at 14,000 rpm for
30 min, and the supernatant was used for analysis. Fetal bovine serum
(Sigma-Aldrich, United States) was filtered through syringe filters with
a 0.2um membrane. Afterward, the samples were stored in a re-
frigerator and then directly spiked with standard Y solutions of dif-
ferent concentrations. These spiked samples were analyzed using the
AgNPs—CTC solution and ICP-MS.

2.5.6. EDS/TEM analyses of Y°™ -induced AgNP-CTC aggregates

The AgNPs-CTC coordination reaction with Y>* was performed as
follows: 50 uL of AgNPs—CTC stock solution was suspended in 0.86 mL
of nanopure water. Subsequently, 90 uL of Y>* (1.87 uM) was added to
the solution above. Afterward, 20 uL of the solution was carefully
dropped onto carbon-coated copper grids, and the excess solution was
removed with filter paper. EDS analysis was carried out to verify the
adsorption of Y3* ions onto the AgNPs—CTC surfaces. A transmission
electron microscope (Jeol 2100 F) equipped with an EDS apparatus was
used for imaging and elemental mapping of the obtained AgNPs—CTC
aggregates.

2.6. Safety considerations

Because Y>* ions are highly toxic, all trials involving Y>* were
performed with protective gloves. Experimental waste containing Y>™*
ions was collected for proper disposal to avoid environmental con-
tamination.

3. Results and discussion
3.1. Preparation of CTC-stabilized AgNPs

The temperature conditions of the AgNPs synthesis reaction can
play an important role in determining the reaction rate, UV-vis spectral
evolution patterns, and optical properties of the resultant AgNPs. To
support this conclusion, the AgNPs synthesis experiments were per-
formed in triplicate at different temperatures. The results of the trials
are described to support the proposed premise. Before discussing the
AgNPs synthesis results, we emphasize that an alkaline pH condition is
necessary for the classical nucleation and growth route [12]. The
synthesis reaction conducted near-neutral pH was too slow; thus, per-
forming the reaction in the absence of an alkaline additive (NaOH) is
not recommended. The reduction potential of CTC indicates that its
reduction of Ag* at room temperature is thermodynamically favorable.
However, the formation of AgNPs was also investigated to optimize the
productivity and reaction time of the AgNP synthesis at different tem-
peratures during the reaction with CTC. Typically, 3 mL of CTC (3 mM)
was added to 0.2 mL of NaOH (1 M) under static conditions, and the
final volume of the reaction mixtures was subsequently brought to
4.8 mL using nanopure water. These reaction mixtures were incubated
for 30 min at four different temperatures (20, 40, 60, and 80 °C); finally,
2 mL of AgNO3 (20 mM) was mixed to initiate the synthesis of AgNPs at
the respective temperature conditions. After a few minutes, the color of
the reaction solution changed from colorless to yellow, indicating that
the synthesis of AgNPs was initiated rapidly irrespective of the tem-
perature. However, studying reaction rates is important in maximizing
the yield and minimizing byproducts formation. This study intended to
develop green synthesis method for of CTC functionalized AgNPs from
AgNO; as a silver precursor and CTC as a reducing as well as a stabi-
lizing agent [13].

The evolution of the UV-vis spectra of the AgNPs revealed two
distinctly different pathways. The first pathway occurred at lower
temperatures (20 and 40 °C) and involved linear increases in absor-
bance as a function of time. The second pathway occurred at higher
temperatures (60 and 80 °C) and was responsible for an exponential
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increase in absorbance during the initial reaction period. UV-vis
spectra of the reaction mixture incubated at 20 °C were recorded at
different time intervals (Fig. S1a). The absorption data shown in Figure
S1b indicate that a linear increase in absorbance occurred as a function
of time from the early stage of synthesis for low-temperature condition
20 °C. Figure Sla,c shows UV-vis spectral patterns with a single narrow
surface plasmon resonance (SPR) band even in the low-temperature
condition (20 and 40 °C). For the reactions at 40 °C (Figure S4d), the
linear increase in absorbance at 410 nm was consistent to 200 min. For
the reactions at a higher temperature (60 °C), the absorbance at 410 nm
increased rapidly within the first 20 min (Fig. S4e,f). Similarly, the
AgNPs synthesis was most rapid at 80 °C, where the UV-vis absorbance
at 410 nm emerged early during the reaction (5 to 10 min) (Figure S4g,
bottom rows). As expected, the absorbance intensity of the AgNPs so-
lution remained constant after substantial elongation of the incubation
time, indicating high stability of the final product (Figure S4f,h). The
temperature of the reaction mixture resulted in sharp UV-vis spectra;
however, the UV-vis spectral evolution patterns and reaction rate
successfully varied as a function of temperature [14]. Thus, data from
this type of study may be valuable in optimizing the reaction conditions
(e.g., temperature and time), mainly in future trials.

3.2. Characterization of AGNPs—CTC

AgNPs colloidal dispersions prepared at 80 °C for 300 min was fur-
ther purified by ultracentrifugation at 12,000 rpm for 15 min. Dispersed
AgNPs pellet in nanopure water was free from NaOH, AgNO3, and CTC.
XPS, TEM, and XRD were used to characterize the physicochemical
properties of AgNPs, which were eventually used for the nanomolar-
level detection of Y3 jons in an aqueous environment. The surface
chemical states and elemental composition of the AgNPs were analyzed
using XPS, as shown in Figure S2. The survey spectrum indicated the
presence of Ag3d, Cls, and Ols peaks (Fig. S2a), indicates resultant
AgNPs were CTC functionalized. The Ag3d core spectrum was separated
into two components, Ag 3ds,» and Ag 3ds,», centered at binding en-
ergies of 373.6 and 367.7 eV, respectively (Figure S2b). As shown in
Figure S2c, the Cls core spectrum of the AgNP reveals a single major
component at a binding energy of 284.5eV, which is attributed to
carbon atoms (CC— bonds) within the phenyl rings. The O1s high-re-
solution spectrum shows a single characteristic peak at 531.5 eV (Figure
S2d), which represents C=0 chemical structures.

Most of the AgNPs exhibit a spherical shape with a size ranging from
8 to 22nm (Figure S3a). Figure S3a,b shows the TEM images of the
AgNPs at two different magnifications. The selected area in Figure S3a
is magnified and shown in Figure S3b. The AgNPs exhibited a crystal-
line nature, with lattice fringes displaying an interplanar distance of
0.26 nm (Fig. S3c). The chemical reduction reaction of CTC and silver
salt exposed to high temperature resulted in well-dispersed spherical
AgNPs with a homogenous shape and size. XRD patterns were recorded
to identify the phase structure of the AgNPs (Figure S3d). The patterns
of the AgNPs showed four 260 peaks at 38.3°, 44.4°, 64.3°, and 77.1°
corresponding to the (111), (200), (220), and (311) planes of cubic-
phase Ag, respectively. The XRD and TEM analysis results confirmed
the successful synthesis of crystalline AgNPs.

3.3. Interaction between Y>* and AgNPs—CTC

The absorption spectra of the AgNPs—CTC in the presence of Y>* at
various concentrations were recorded. The absorption band of the
AgNPs—CTC was very sensitive to the presence of target metal Y3*.
Thus, increase in the Y3 concentration induced substantial changes in
the absorption spectra of the AgNPs—CTC (Fig. 1a). The absorbance
intensity of the SPR peak AgNPs—CTC decreased at 420 nm, and red-
shifted peak increased at 540 nm in a linear fashion with increasing Y**
concentration (Fig. 1b,c). Moreover, the color of the reaction solution
changed from yellow to bright red as a result of the AgNPs-CTC
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Fig. 1. (a) UV-vis spectra of AgNPs with increasing amounts of Y3*. (b) Absorbance intensity (at 420 nm) with increasing amounts of Y3+ (inset image shows the
colorimetric results). (c) Absorbance intensity (at 540 nm) with increasing amounts of Y*>* and ratiometric absorbance (As4onm/A420nm) With increasing amounts of

Y3+

aggregation, as shown in the inset of Fig. 1b. We demonstrated the
sensitivity of the AgNPs—CTC to nanomolar levels of Y>* by monitoring
the absorbance at 420 and 540 nm. Such probes based solely on ab-
sorbance intensity have achieved low detection limits but face chal-
lenges associated with quantifying Y®* at higher concentrations. A
ratiometric plot shows a linear pattern for Y>* concentrations as high
as 240 nM; however, higher Y>* concentrations led to saturation be-
havior because of the limited number of O-containing moieties of CTC
on AgNPs available to react with Y3*. Taking advantage of SPR in
developing ratiometric sensors for metal ions have drawn much atten-
tion because of their reliability and easy-to-differentiate color and in-
tensity changes [15]. The color change was observed immediately after
the AgNPs-CTC were exposed to different concentrations of Y>*; the
observed color change was easily discerned by the naked eye. Our
AgNPs—CTC sensor exhibited better colorimetric performance con-
cerning sensitivity, for absorbance response at 420 nm, 540, and ra-
tiometric results LOD was about "26.5, 47.2, and 57.7nM with
R? = 0.985, 0.957, and 0.933, respectively (Fig. 1b-d). This probe can
detect Y®" ions at concentrations below the safe limit for drinking
water and can thus function as a sensitive colorimetric indicator in
practical sensing applications. The LOD of our proposed method is si-
milar to or lower than those of other reported methods for detecting
Y3* ion (Table 1). The sensitivity of this colorimetric sensor was
compared with those of other reported methods using various techni-
ques [7,16,17].

CTC consists of multiple ionizable functional groups with a four-ring
system. Thus, based on the spectral absorption positions, we in-
vestigated the direct binding of Y to the AgNPs-CTC. We proposed
that the added Y™ to readily interact with the ligands of CTC and tend
to form a stable complex with Y** because of the multiple O-containing
moieties. Thus, it was thought that the CTC molecules act as a chelating

Table 1

Comparison of other methods and their sensitivities for Y>* determination.
Method Range LOD Reference
Fluorimetric 0-40 uM 5uM [7]
Fluorimetric 0-40 UM 5uM [27]
Fluorimetric - 300 ppb [28]
Spectrophotometric 0 to 50 ppm 1 ppm [29]
Fluorimetric 75-600 ppb 100 ppb [30]
Fluorimetric - 0.013 ppb [8]
Spectrophotometric 18-243nM 57.7 nM This study

agent to “capture” Y>* ions, allowing them to form a stable coordina-

tion complex with AgNPs—CTC. Y3+ a rare-earth element; thus, com-
plexation of Y>* with CTC in water can yield a binary complex with a
mole-ratio stoichiometry 1:1 of CTC to Y>*. A plausible mechanism for
the formation of AgNPs-CTC-Y>" complex is presented in Fig. 2. The
coordination number of Y3* is normally 8, where the structure of the
Y3*_CTC forms a binary complex, in excellent agreement with the
previously reported binary lanthanide-tetracycline complexes [18].
Notably, CTC molecules demonstrate excellent ability to adsorb Y>*
ions, mainly through O-containing moieties such as O-Y>*-O as de-
monstrated in the previous report [11].

3.4. Effect of pH

Typically, the pH values of a colorimetric probe solution strongly
influence on the detection of the target metal ions. We, therefore, in-
vestigated the Y®*-sensing ability of the AgNPs—CTC at different pH
levels. The absorbance results recorded at 420 nm showed that the
AgNPs-CTC was stable in the pH range from 5.2 to 9.3 and that their
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Fig. 2. Schematic illustration of coordination complex between AgNP-CTC and
Y3* ions.

response toward Y>* was maximal at pH 7.3 (Fig. 3a). The results re-
corded at 540 nm also show that the AgNPs-CTC was stable within the
pH range from 5.2 to 9.3 and that their response toward Y>* was
maximal at pH 7.3 (Fig. 3b). Therefore, we selected the nanopure water
samples as the analytical condition for the detection and adsorptive
removal of Y2*. The effect of pH on the stability and the optical
properties of CTC-functionalized AgNPs are in agreement with cysteine-
functionalized AgNPs [19].
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3.5. Time course of the AgNPs—CTC response toward Y°™*

Fig. 3c presents the response time recorded for the AgNPs—CTC to-
wards the Y3*. As noticed, the absorbance intensity at 420 nm de-
creased rapidly within 60s. Initially, the absorbance intensity de-
creased to its minimum and then achieved a stable sensing platform.
Fig. 3d presents a similar response time recorded at the red-shifted
wavelength of 540 nm for AgNPs-CTC toward Y®*. The absorbance
intensity at 540 nm increased rapidly within 60s. Irrespective of the
initial Y3* concentration, the response time was found to be 60 s for the
AgNPs-CTC. Therefore, the absorbance probe could be realized at two
different wavelengths for the rapid detection of Y** in the water
samples. Due to its adverse effects, the development of a rapid and
simple method for of Y>* detection is vital as suggested previously for
Ag* ions [20].

3.6. Selectivity

In recent years, radioactive yttrium and lanthanide coordination
with biomolecules and metal NPs have aroused tremendous interest for
their optical properties and unique structural. However construction of
metal NPs-based colorimetric probe for detection still remains a great
challenge. Selectivity is an important parameter for the development of
a practically viable sensor [21]. Therefore, the absorbance response of
the AgNPs-CTC was examined using various metal ions (Zn®**, Cd**,
Cu2+, Fe2+, Fe3+, C02+, Ba2+, Se2+, Hg2+, Mn2+, Cr3+, Caz+’ K*,
Bi®*, Ge3", Pd®**, Mo®", Pb%*, Cs™, Ni**, zr**, As®*, Mg®*, and
trivalent lanthanides, including La®**, Tb®**, sSm®*, Gd®*, pr®**, Nd®*,
Dy**, Ho® ", Er®*, Tm®*, Yb®*, Ge®*, Lu®*, Eu®*) and anions (PO,

(b)
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Fig. 3. (a) Absorbance intensity (420 nm) of AgNPs in the absence (black line) and presence (red line) of Y>* at different pH. (b) Absorbance intensity (540 nm) of
AgNPs in the absence (black line) and presence (red line) of Y3+ at different pH. (c) Time course of the absorbance response (420 nm) of AgNPs in the presence of Y3+
(200 nM) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. (a) TEM image and energy dispersive X-ray (EDS) elemental mapping images of (b) Ag, (¢) C, and (d) Y.

NOs-, and PO,*). The spectral results show that some of the other
metal ions could enhance the absorbance intensity of the AgNPs—CTC
Figure S4a-c. However, Y>* could decrease the absorbance intensity at
420 nm with a red-shift of the AgNPs-CTC at 540 nm (Figure S4d-f).
Similarly, AgNPs-CTC also found sensitive to the various trivalent
lanthanides, where SPR absorbance intensity was significantly de-
creased as compared to the untreated AgNPs—CTC (Figure S4c). A red-
shift towards larger wavelength was also observed for the range of
lanthanides. Therefore, the developed method can be certainly applied
in specific circumstances for Y3+ detection where yttrium compounds
used exclusively or as a common colorimetric indicator for the detec-
tion of trace levels of Y>* and lanthanides in the mixture. Since lan-
thanides and yttrium always coexist in spent nuclear fuels and in the
mineral matrix, this method would be appropriate to express cautionary
concerns over trace levels Y>* and lanthanide metals.

3.7. EDS/TEM analysis results

Interestingly, a new peak at a longer wavelength of 540 nm was
observed for Y3* because of aggregation and agglomeration of
AgNPs-CTGC, as seen in the TEM image (Fig. 4a). EDS analysis has been
conducted to verify the uptake of Y>* ions in the AgNPs-CTC. Fig. 4
presents the EDS mapping results for Ag and Y>* over aggregates of
AgNPs—CTC. The Ag signal in an individual AgNPs-CTC is relatively
uniform for AgNPs-CTC aggregates (Fig. 4a,b). However, the ubiquity
of the distribution of carbon suggested that the carbon signals origi-
nated from the carbon-coated copper grids (Fig. 4c). The observed EDS
signal of Y indicates that Y®* ions are indeed adsorbed onto the
AgNPs—CTC (Fig. 4d). The overlap results of the EDS images for two
elements further confirm that all the AgNPs—CTC samples are capable of
adsorbing Y3 ions (Fig. 4b,d). The spatial distribution of the Y signal

on an individual AgNPs-CTC is relatively uniform, implying that Y>*
ions efficiently adsorbs onto the interconnected CTC aggregates in the
AgNPs in addition to adsorbing onto the dispersed AgNPs—CTC surfaces
(Fig. 4b,d). These results indicate that CTC can be successfully used as a
radioisotope-binding material and for removing Y>* ions from water
samples.

The presence of radioactive substances such as Y>* in water poses a
serious health hazard to the public; thus, new radioisotope-binding
materials are needed [22]. In the present study, the Y°*-binding ac-
tivity of CTC was investigated in a batch adsorption process and de-
monstrated heavy adsorption of Y>* onto AgNPs—CTC. The AgNPs-CTC
with adsorbed Y®* was easily collected by centrifugation to achieve the
removal of Y>* at low concentrations from contaminated water. The
results show that the AgNPs-CTC act as an effective adsorbent for
binding Y** in aqueous solutions, thus detection and remediation of
Y3*. Streptomyces albus was used to accumulate rare earth elements
from a solution containing yttrium other heavy metals [23]. The re-
moval of Y>* ions from water samples using alginate compounds has
been previously reported, where stable complexes were achieved with
Y3 ions [24].

3.8. Detection of Y** in real water samples

Y3* is a heavy rare-earth element that has been widely used in
various modern industrial processes, including the production of alloys,
optical glasses, ceramics, and nuclear energy [25]. However, recently,
high levels of Y contamination were detected in urine and drinking
water near mining areas. Long-term exposure to Y>* can severely affect
human health and deserves serious attention [26]. To check the prac-
tical applicability of our colorimetric method, the AgNPs-CTC was
tested on real samples. The Y*>* contamination levels in the real
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Table 2
Determination of Y>* contents in real water samples.
Real Added ICP-MS (nM) AgNPs-CTC  Recovery (%) Relative
Samples (nM) (nM) error (%)
Fetal bovine 100 98 + 3.8 9 + 4.4 97.9 4.7
serum 50 53 + 2.8 48 = 2.9 90.5 7.8
25 24 + 1.4 26 = 1.8 108.3 9.8
Tap water 100 97 + 4.1 103 = 3.8 106.1 8.9
50 49 + 2.7 53 = 3.2 108.1 8.7
25 26 = 2.4 24 = 2.3 92.3 6.8
River water 100 97 + 4.4 102 = 5.3 105.1 5.6
50 52 = 3.1 54 = 3.7 103.8 8.4
25 26 + 2.4 28 + 29 107.6 7.9

samples were below, approximately equal to, and higher than the LOD
(25, 50, and 100 nM) of the developed sensor (Table 2). The identical
colorimetric response towards pure water and real water samples sug-
gest that the AgNPs—CTC were robust against interference from con-
taminants present in real water samples. Therefore, these results con-
firm the usefulness of the developed probe for the detection of Y>* ions
in real water samples. The short response time (within 1 min), lower
detection limit at the nanomolar level, operation at physiological pH
(pH 7.3), and applicability to real water samples makes our probe ad-
vantageous over other methods. The AgNPs—CTC sensor used for the
determination of Y3* in spiked samples such as real water samples from
different sources and fetal bovine serum led to useful and reasonable
results, as suggested in a previous report [16].

4. Conclusions

In conclusion, novel CTC-modified AgNPs were synthesized, char-
acterized, and used to detect the toxic Y>* ions. The absorance signals
from aggregation state of AGNPs-CTC were appeared immediately after
coordination with Y3* and lanthanides on the surface, which enables to
detected target analytes by naked-eyes. The bonding of the O-con-
taining moieties of CTC with Y3* led to absorbance changes of the
AgNPs-CTC, making them useful as a highly sensitive sensor. The col-
orimetric detection method is based on the fact that the AgNPs—-CTC
undergoes aggregation because of the formation of a chelating complex
between Y®* ions and O-groups. The systematic performance of Y
sensor based on the AgNPs—-CTC was examined by colorimetric and
spectrophotometric techniques and was found to be reliable in terms of
response time, sensitivity, LOD, and reproducibility. This colorimetric
method can be introduced as a novel approach to provide cautionary
measures for Y>* and lanthanides in environmental samples. This study
can guide to fabricate portable vials and test strips for easy and on-site
detection of Y>* and lanthanides up to nanomolar level.
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