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A B S T R A C T

Ionic gold species play a pivotal role in various chemical and biological systems due to their unique properties. 
However, even trace amounts of Au3+ ions (as low as 200 μM) can pose significant toxicity risks to living or
ganisms, underscoring the need for accurate and rapid detection methods. In this study, we present the design 
and characterization of a novel colorimetric sensor, TS-Xan, specifically developed for Au3+ ion detection. TS- 
Xan, a xanthene-derived probe, functions as a reversible sensor. Its molecular structure was characterized 
using nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spectrometry (HRMS). The 
sensor exhibited excellent sensitivity toward Au3+ ions, inducing a distinct colorimetric shift from yellow to 
violet, visible to the naked eye in aqueous media. UV–vis absorption studies revealed the formation of a new 
absorption band at 570 nm, corresponding to the TS-Xan-Au3+ complex. HRMS analysis further elucidated the 
binding stoichiometry, confirming a 2:1 (TS-Xan:Au3+) complex formation. To enhance its practical applica
bility, TS-Xan-coated test strips were fabricated, demonstrating exceptional sensitivity and reliability for on-site 
Au3+ detection. This work introduces a promising and user-friendly approach for gold ion sensing, with potential 
applications in environmental monitoring, industrial waste analysis and bioanalytical fields.

1. Introduction

Gold (Au), a chemically inert metal, has been highly valued 
throughout human history and extensively utilized in artworks, jewelry, 
and decorative objects. In recent years, gold and its various for
ms—including gold nanoparticles (AuNPs), gold complexes, and ionic 
gold species—have gained significant attention due to their unique 
physicochemical properties, leading to broad applications in chemical 
and biological fields. Gold nanoparticles (AuNPs) have been widely 
employed in drug delivery, bioimaging, and as functional additives in 
cosmetic products [1–4]. Beyond nanoparticles, ionic gold species, 
particularly Au(I) and Au(III), are well known for their ability to selec
tively activate alkyne π-bonds, making them valuable catalysts in syn
thetic organic chemistry [5–11]. These gold-catalyzed transformations 
often proceed under mild conditions, typically at room temperature 
within minutes, highlighting Au ions as one of the most efficient cata
lytic systems available today. Additionally, metallic gold, due to its 
exceptional biocompatibility and anticancer properties, has fueled 
growing interest in biomedical and environmental research. Gold-based 
pharmaceuticals are currently employed in the treatment of various 

diseases, including cancer, asthma, and HIV [12–15]. Moreover, gold 
compounds exhibit anti-inflammatory properties, making them effective 
therapeutic agents for rheumatoid arthritis and tuberculosis [16,17]. 
Despite these remarkable advantages, Au(III) ions pose significant bio
logical risks. They exhibit a strong affinity for DNA and enzymes, 
leading to cytotoxic effects that can cause kidney, liver, and peripheral 
nervous system damage [18–21]. Studies have reported that exposure to 
even 200 μM AuCl₃ can induce severe toxicity and organ damage [22]. 
Although Au3+ ions are not naturally present in biological systems, 
exposure can occur through various external sources such as the use of 
gold-based therapeutic agents (e.g., anti-arthritic drugs), diagnostic gold 
nanoparticles, or environmental contamination. Accumulation of Au3+

ions in biological tissues can lead to cytotoxicity, oxidative stress, and 
disruption of normal cellular functions. Therefore, monitoring the 
presence of Au3+ ions in biological and environmental samples is crucial 
for health and safety considerations. Given these concerns, the devel
opment of rapid, selective, and effective detection methods for Au(III) 
ions is critical, particularly for monitoring their presence in environ
mental samples, agrochemicals, and biological systems.

Classical analytical techniques such as atomic absorption 
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spectroscopy (AAS) [23,24], inductively coupled plasma mass spec
trometry (ICP-MS) [25,26], flame atomic absorption spectrometry 
(FAAS) [27,28], and electrochemical analysis [29,30] are widely 
employed for the detection of various gold species. Although these 
methods offer high selectivity and sensitivity, they suffer from several 
drawbacks, including the requirement for expensive instrumentation, 
labor-intensive multi-step sample preparation, and prolonged analysis 
times. Furthermore, these techniques necessitate highly skilled 
personnel, limiting their accessibility for routine and on-site analysis 
[31]. To address these challenges, fluorescence spectroscopy has 
emerged as a promising alternative, offering high sensitivity, selectivity, 
cost-effectiveness, and ease of operation. Fluorescent probes have 
gained significant attention for the detection of Au3+ ions in chemical 
and biological systems due to their rapid response and straightforward 
application [32–36]. Given the well-known alkynophilicity of gold ions, 
numerous molecular sensors have been developed by modifying fluo
rophore molecules with alkyne-functionalized groups, leveraging their 
unique photophysical properties for enhanced Au3+ detection [37–42].

To this end, various molecular sensors, including colorimetric and 
fluorescent probes, have been developed and extensively studied for the 
detection of Au3+ ions. These sensors are designed based on specialized 
fluorophores such as fluorescein [43–46], BODIPY [37,47–51], 
coumarin [40,52,53], rhodamine [54–57], naphthalimide [58,59], 
quinoline [60], and poly(phenyldiethylene) [61], all of which have 
demonstrated promising analytical performance. However, the sensing 
mechanism of these probes typically relies on an irreversible chemical 
reaction, which results in the structural modification of the probe mol
ecules. Consequently, these sensors are consumed during the detection 
process and cannot be reused. Moreover, many of these probes suffer 
from poor selectivity, as their detection mechanisms are often suscep
tible to interference from other alkynophilic metal ions such as Au+, 
Ag+, Pd2+, Ni2+, Cu2+, and Hg2+. Therefore, there is a critical need to 
develop novel sensing strategies for Au3+ detection that are not only 
highly selective and reusable but also free from cross-reactivity with 
other alkynophilic metal species.

In recent years, colorimetric detection methods have garnered sig
nificant attention across various scientific fields due to their numerous 
advantages. One of their most compelling features is their rapid response 
and operational simplicity, allowing for instant visual observation and 
in situ detection without the need for sophisticated instrumentation. A 
major advantage of colorimetric techniques is their accessibility, as they 
facilitate the direct, naked-eye detection of target analytes, thereby 
eliminating the reliance on complex analytical tools. This inherent 
simplicity not only enhances user-friendliness but also provides excep
tional portability, making colorimetric sensors ideal for on-the-spot 
analysis—even in resource-limited settings or by individuals without 
specialized training [62].

In this study, we introduce a novel xanthene-based colorimetric 
probe (TS-Xan) developed for the rapid, sensitive, and selective detec
tion of Au3+ ions in aqueous environments via naked-eye observation. 
As illustrated in Fig. 1, TS-Xan is strategically designed by incorporating 

a 2-hydrazinopyridine (2-HP) functional group into the xanthene (Xan) 
framework. The 2-HP moiety, known for its strong binding affinity to
ward Au3+ ions, plays a crucial role in the probe’s sensing mechanism. 
This design enables efficient and highly selective interaction between 
the 2-HP group and Au3+ ions, facilitating a rapid and distinct colori
metric response. The utilization of 2-HP as a metal receptor has been 
well-documented in the literature [63], further supporting its applica
bility in selective metal ion detection.

Upon exposure to Au3+ ions, TS-Xan undergoes an instantaneous 
colorimetric shift from yellow to violet in aqueous solution, enabling 
direct naked-eye detection without the need for a spectrometric device. 
The selectivity and sensitivity of TS-Xan toward Au3+ detection were 
systematically evaluated through UV–vis absorption studies. Further
more, to assess the practical applicability of the probe, TS-Xan-coated 
test strips were prepared and exposed to Au3+ ions in phosphate- 
buffered saline (PBS). The observed color change demonstrated the 
sensor’s potential for on-site Au3+ detection, further highlighting its 
suitability for real-world applications

2. Experimental

2.1. General methods

All reactions were carried out in oven-dried glassware under an 
argon atmosphere unless otherwise stated. All reagents were obtained 
from commercial suppliers (Sigma-Aldrich, Merck) and used without 
further purification. Thin-layer chromatography (TLC) was performed 
on pre-coated silica gel 60F₂₅₄ aluminum plates (Merck), and spots were 
visualized under UV light (λ = 254 nm). Column chromatography was 
conducted using silica gel 60 (40–63 μm). Nuclear magnetic resonance 
(NMR) spectra were recorded in chloroform‑d on a Varian VNMRJ 400 
and Bruker Avance 400 spectrometer (400 MHz). Chemical shifts (δ) are 
reported in parts per million (ppm) relative to internal standards: CHCl₃ 
(1H: δ= 7.27 ppm), CDCl₃ (13C: δ = 77.0 ppm) and d6-DMSO (1H: δ =
2.50 ppm), d6-DMSO (13C: δ = 39.52 ppm). UV–vis absorption spectra 
were obtained using a Shimadzu UV-2550 spectrophotometer. pH 
measurements were performed with a Hanna HI-8014 pH meter. All 
measurements were conducted in triplicate for accuracy. High- 
resolution mass spectrometry (HRMS) analyses were performed using 
a Bruker apex IV FTMS spectrometer, and mass-to-charge (m/z) ratios 
are reported in atomic mass units (amu).

Synthesis of the probe molecule: The synthesis of the TS-Xan probe 
was carried out via a three-step synthetic process starting from cyclo
hexanone, following the synthetic route outlined in scheme 1 in accor
dance with previously reported literature procedures [63–65].

2.2. Synthesis of compound 2 (2-bromocyclohex-1-ene-1-carbaldehyde)

2,4 mL dry DMF and 8 mL CHCl3 were placed in a 

100 mL round-bottom flask and cooled to 0 ◦C with an ice bath. To this 
solution, phosphorus tribromide (PBr₃, 2.31 mL) was then added drop
wise over 10 min, and the reaction mixture was stirred at room tem
perature for 45 min. Subsequently, cyclohexanone (1.0 mL) dissolved in 
3 mL CHCl₃ was added, and the reaction was allowed to proceed over
night at room temperature. Upon completion, the reaction mixture was 
poured into ice water, followed by the slow addition of NaHCO₃ until the 
pH reached approximately 7. The layers were separated, and the 
aqueous phase was extracted three times with CHCl₃. The combined 
organic layers were dried over anhydrous Na₂SO₄, and the solvent was 
removed under reduced pressure. The crude product was then purified 
by flash column chromatography (1:7, ethyl acetate/hexane). 1H NMR 
(400 MHz, CDCl3) δ: 10.12 (s, 1H), 2.64 (t, 2H), 2.28 (t, 2H), 1.86 (t, Fig. 1. Structure of the probe (TS-Xan).
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4H). 13C NMR (100 MHz, CDCl3) δ: 193.9, 144.7, 140.4, 37.9, 24.1, 22.4, 
21.8

2.3. Synthesis of compound 3 (6-(diethylamino)-2,3-dihydro-1H- 
xanthene-4-carbaldehyde)

4-(Diethylamino) salicylaldehyde (200 

mg, 1.035 mmol) and Cs2CO3 (1 g, 3.105 mmol) were dissolved in 3 mL 
dry DMF in a 50 mL round-bottom flask. In a separate vial, compound 2 
(400 mg, 2.07 mmol) was dissolved in 1 mL of dry DMF and then 
injected into the reaction flask. The reaction mixture was stirred at room 
temperature for 3 h. upon completion, the reaction mixture was washed 
with brine and extracted three times with dichloromethane (DCM). The 
combined organic layers were dried over anhydrous Na₂SO₄, and the 
solvent was removed under reduced pressure. The crude product was 
then purified by flash column chromatography (1:2, ethyl acetate/hex
ane). 1H NMR (400 MHz, CDCl3) δ 10.28 (s, 1H), 7.01 (d, J = 8.6 Hz, 
1H), 6.64 (s, 1H), 6.27 (s, 1H), 6.37 (s, 1H), 3.38 (t, J = 7.1 Hz, 4H), 2.56 
(m, 2H), 2.46 (t, J = 6.1 Hz, 2H), 1.68 (m, 2H), 1.19 (t, J = 7.1 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ 192.8, 169.3, 155.6, 150.1, 140.6, 105,8, 
105.2, 129.9, 122.4, 119,6, 93.5, 47.4, 30.2, 29.6, 18.5, 122.8

2.4. Synthesis of compound TS-Xan [(E)-N,N-diethyl-4-((2-(pyridin-2- 
yl)hydrazineylidene)methyl)-2,3-dihydro-1H-xanthen-6-amine]

Compound 3 (45 mg, 0.16 mmol) and 2- 

hydrazinopyridine (20 mg, 0.18 mmol) were dissolved in 5 mL 
ethanol in a 50 mL round-bottom flask. Subsequently, 1–2 drops of 
glacial acetic acid were added, and the reaction mixture was refluxed for 
2 h. the progress of the reaction was monitored by thin-layer chroma
tography (TLC). Upon completion, the reaction mixture was cooled to 

room temperature, and the solvent was removed under reduced pres
sure. The resulting crude product was purified by silica gel column 
chromatography (1:5, ethyl acetate/hexane) to afford the probe mole
cule (TS-Xan) as a yellow oil (37.2 mg, 62 % yield). 1H NMR (400 MHz, 
d6-DMSO) δ 10.51 (s, 1H), 8.38 (s, 1H), 8.05 (s, 1H), 7.56–7.51 (m, 1H), 
7.08–6.87 (m, 2H), 6.71–6.57 (m, 1H), 6.38–6.27 (m, 2H), 6.14 (s, 1H), 
2.48 (m, 8H), 1.63–1.57 (m, 2H), 1.27–0.98 (m, 6H). 13C NMR (100 
MHz, d6-DMSO) δ 157.62, 154.24, 149.21, 148.74, 148.20, 138.07, 
137.60 (s), 127.41 (s), 124.71 (s), 121.16 (s), 114.52 (s), 110.45 (s), 
108.32 (s), 106.73 (s), 106.41 (s), 96.98 (s), 44.31 (s), 29.67 (s), 23.71 
(s), 21.19 (s), 12.97 (s). HRMS (ESI), m/z calcd for C46H52AuClN8O2 
[2TS-Xan + Au3++Cl], 980.36 found 980.50

3. Results and discussion

A novel xanthene-based colorimetric sensor, incorporating 2-hydra
zinopyridine (2-HP) as the metal-binding receptor, was carefully 
designed for Au3+ ion detection. The synthesis of the TS-Xan probe was 
accomplished through a three-step synthetic route, starting from 
cyclohexanone, as depicted in scheme 1 and following established 
literature procedures [64–66]. In the first step, cyclohexanone was 
reacted with phosphorus tribromide (PBr₃) and N,N-dimethylformamide 
(DMF) in chloroform (CHCl₃) to yield compound 1. Subsequently, 
compound 2 was obtained by reacting compound 1 with 4-(dieth
ylamino)salicylaldehyde, leading to the formation of the xanthene de
rivative. In the final step, TS-Xan was synthesized via a condensation 
reaction between the xanthene derivative and 2-HP, yielding the target 
probe with a 62 % efficiency. The structural characterization of TS-Xan 
was confirmed using nuclear magnetic resonance (NMR) spectroscopy 
and high-resolution mass spectrometry (HRMS). Detailed spectral data 
and analytical results can be found in the supporting information

For the colorimetric evaluation of the synthesized probe, Au3+ ions 
(10 μM, 1 eq.) were added to a TS-Xan solution (10 μM) in phosphate- 
buffered saline (PBS, 10 mM, pH 7.4, 25 ◦C), and the resulting 
changes were recorded using UV–vis absorption spectroscopy. Prior to 
the addition of Au3+ ions, the UV–vis spectrum exhibited two distinct 
absorption bands at 320 nm and 441 nm. Upon the introduction of Au3+

ions, a rapid and visually perceptible color change from yellow to violet 
was observed in the solution. Simultaneously, in the UV–vis spectrum, 
the absorption band at 441 nm disappeared, and a new peak emerged at 
570 nm, as depicted in Fig. 2. This distinct colorimetric transition and 

Scheme 1. Synthetic route of TS-Xan. (i) PBr3, DMF, CHCl3, overnight, RT (ii) Cs2CO3, DMF, 3 h, RT (iii) ethanol, glacial acetic acid, reflux, 2 h
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the accompanying absorption shift serve as clear spectroscopic evidence 
of the interaction between TS-Xan and Au3+ ions, confirming the probe’s 
effectiveness in Au3+ detection.

The selectivity of a colorimetric or fluorescent probe is one of its 
most critical attributes. To assess the selectivity of TS-Xan (10 μM in 
PBS, pH 7.4), its response to various metal ions, including Ag+, Al3+, 
Ba2+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, K+, Li+, Mg2+, Mn2+, 
Na+, Ni2+, Pb2+, Pd3+, and Zn2+, was systematically investigated. In the 
selectivity experiment, 1 equivalent of Au3þ and 10 equivalents of 
other competing metal ions were introduced into the TS-Xan solution, 
and the resulting changes were monitored using UV–vis absorption 

spectroscopy. A distinct color change from yellow to violet was observed 
exclusively in the presence of Au3+ ions, whereas no noticeable color 
change occurred upon the addition of other metal ions, even at tenfold 
excess. Further UV–vis absorption analysis confirmed that upon Au3+

binding, the absorption peak at 441 nm disappeared, and a new peak 
emerged at 570 nm, indicating the formation of a TS-Xan–Au3+ com
plex. Notably, no significant spectral changes were detected despite the 
addition of 10 equivalents of other metal ions, as shown in Fig. 3. These 
results strongly demonstrate that TS-Xan exhibits an exceptionally high 
selectivity for Au3+ ions, making it a promising candidate for highly 
specific colorimetric detection in PBS solution.

Fig. 2. a) Absorption spectra of TS-Xan (10 μM) and TS-Xan þ Au3þ (1 eq Au3+, 10 μM) in PBS (10 mM, pH = 7.4 at 25 ◦C) b) Chromogenic change of TS-Xan in PBS 
solution with the addition of 1 eq Au3+.

Fig. 3. a) Absorption spectra of TS-Xan (10 μM) in PBS (10 mM, pH = 7.4 at 25 ◦C) with the addition of 1 equivalent Au3+ and 10 equivalents of other metal ions: 
Ag+, Al3+, Ba2+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, Pd (III), Zn2+ b) Chromogenic change of TS-Xan in PBS solutions 
with the addition of metal ions: Ag+, Al3+, Ba2+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, Pd (III), Zn2+. c) Bar graph 
displaying the absorbance values at 570 nm for mixtures containing TS-Xan, 1 equivalent of Au3+, and 10 equivalents of each interfering metal ion.
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The selectivity of TS-Xan toward Au3+ was confirmed by testing its 
response in the presence of 10-fold excess of various metal ions in PBS 
solution. Only Au3+ induced a distinct spectral and visual change, while 
other cations caused no significant interference. These findings 
demonstrate that TS-Xan maintains high selectivity for Au3+ even under 
competitive conditions, highlighting its potential for use in complex 
sample matrices.

The sensitivity of the TS-Xan probe (10 μM in PBS, pH 7.4) was 
systematically evaluated through a titration experiment, where the 
probe was exposed to increasing concentrations of Au3+ ions (0 to 10 
equivalents) (Fig. 4). The spectral changes associated with different 
Au3+ concentrations were carefully analyzed to gain insights into the 
probe’s detection capability. Upon the addition of 0.1 equivalent (1 μM) 
of Au3+, a decrease in the absorption peak at 441 nm was observed, 
accompanied by the emergence of a new peak at 570 nm, indicating an 
interaction between Au3+ ions and TS-Xan. As the Au3+ concentration 
increased, these spectral changes became progressively more pro
nounced. For instance, with the addition of 0.4 equivalents of Au3+, the 
absorption peak at 441 nm gradually diminished, while the 570 nm peak 
intensified. When the Au3+ concentration reached 0.6 equivalents (6 
μM), the 441 nm peak completely disappeared, leaving only the char
acteristic TS-Xan–Au3+ complex absorption at 571 nm. At this stage, a 
visible color transition from yellow to violet was clearly noticeable. 
Upon further addition of 2 equivalents (20 μM) of Au3+, the absorbance 
of the TS-Xan–Au3+ complex at 570 nm reached its maximum intensity. 
However, beyond this concentration, a gradual decrease in the 570 nm 
absorption peak was observed, likely due to excess Au3+ ions perturbing 
the complex equilibrium. These findings not only highlight the high 
sensitivity of TS-Xan toward Au3+ detection but also provide valuable 
insights into the interaction mechanism between the probe and Au3+

ions, further supporting its potential for quantitative colorimetric 
sensing applications.

Since reversibility is a crucial feature for practical sensor applica
tions, the TS-Xan–Au3+ complex was treated with Na₂S (1:1) to evaluate 
the reversibility of the sensing mechanism. Upon the addition of 1 
equivalent of Na₂S, a sharp decrease in the 570 nm absorption peak was 
observed, indicating the successful dissociation of the complex and 
partial restoration of the free probe. This reversibility can be explained 
by the strong affinity of sulfide ions (S2− ), introduced by Na₂S, toward 
Au3+ ions. Sulfide ions preferentially form a stable and insoluble gold 
sulfide complex (Au₂S₃), resulting in the displacement of Au3+ from the 
sensor and the regeneration of the free TS-Xan molecule. To further 
investigate the extent of reversibility, the complex solution was treated 

with varying equivalents of Na₂S, and the exact conversion efficiency 
was determined. When 5 equivalents of Na₂S were introduced, the 570 
nm peak completely disappeared, while the original absorption peak of 
TS-Xan at 441 nm reappeared, confirming the full regeneration of the 
probe (Fig. 5). Moreover, this process was accompanied by a distinct 
visual transition from violet to yellow, demonstrating the rapid and 
complete reversibility of the sensor system upon Na₂S treatment. To 
assess the reusability of the system, the sensor was subjected to two 
complete Au3+ binding and release cycles using Na₂S. In both cycles, the 
UV–Vis spectra and visual color changes were fully restored, with no 
noticeable loss in signal intensity or performance. These results indicate 
that TS-Xan retains its sensing capability over at least two reversible 
cycles, supporting its practical applicability in repeatable detection 
settings.

The Jobs plot analysis was conducted to determine the binding 
stoichiometry between TS-Xan and Au3+ ions. The absorbance differ
ences (A-A0) at 570 nm were plotted against the mole fraction of Au3+, 
yielding a distinct maximum at 0.33 mol fraction (Fig. 6). This result 
indicates the formation of a 2:1 binding stoichiometry for the TS-Xan- 
Au3þ complex, suggesting that two TS-Xan molecules coordinate with 
one Au3+ ions in solution. To further elucidate the sensing mechanism of 
the TS-Xan–Au3+ complex, high-resolution mass spectrometry (HRMS) 
analysis was performed (Supporting Information, Fig. S4). The HRMS 
data revealed that Au3+ ions, coordinated with a single chloride atom, 
interact with TS-Xan molecules in a 2:1 ratio, leading to the formation of 
the TS-Xan–Au3+ complex. The mass spectrum exhibited a peak at m/z 
= 980.50, which corresponds to the calculated value of m/z = 980.36 
for C₄₆H₅₂AuClN₈O₂ [2TS-Xan + Au3+ + Cl], confirming the proposed 
complex formation. Based on these findings, we propose that the sensing 
mechanism of TS-Xan–Au3+ complex formation involves the coordina
tion of Au3+ ions with both the pyridyl and imine nitrogen atoms of two 
TS-Xan molecules, as illustrated in Fig. 7.

(total concentration of 100 μM) at 570 nm.
The colorimetric response of TS-Xan toward Au3+ ions arises from a 

coordination-based mechanism. Au3+ binds selectively to the imine and 
pyridyl nitrogen atoms of TS-Xan, forming a 2:1 ligand–metal complex, 
as confirmed by Job’s plot and HRMS analysis (m/z = 980.50). This 
interaction induces an intramolecular charge transfer (ICT), leading to a 
bathochromic shift in the UV–Vis spectrum—from 441 nm to 570 
nm—and a visible color change from yellow to violet. The reversibility 
of this process, demonstrated by Na₂S treatment, further supports a 
dynamic, non-destructive coordination mechanism. DFT calculations 
corroborate these findings by revealing significant changes in the 

Fig. 4. Absorption spectra of TS-Xan (10 μM) in the presence of Au3+ (0–100 
μM) in PBS (10 mM, pH = 7.4 at 25 ◦C).

Fig. 5. Absorption spectra of TS-Xan prob. after adding Au3+ and Na2S 
(reversibility experiment).
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electronic structure upon Au3+ binding.
The 2:1 binding stoichiometry between TS-Xan and Au3+ enhances 

the sensor’s performance by providing a more stable and cooperative 
binding environment. Dual coordination increases the local density of 
chromophoric sites around the Au3+ ion, amplifying the colorimetric 
response through intramolecular charge transfer (ICT). This arrange
ment also improves complex stability in aqueous solution, contributing 
to the reproducibility and reversibility of the sensing process.

To evaluate the binding properties and sensitivity of the TS-Xan 
probe toward Au3+ ions, Benesi-Hildebrand analysis and limit of 
detection (LOD) calculations were performed. The Benesi- Hildebrand 
plot (Fig. 8) was constructed to determine the binding constant (Kα ). 
The binding constant of TS-Xan toward Au3+ was calculated by using 
Benesi- Hildebrand equation for a 2:1 stoichiometric complex: 1

(A− A∘)2
=

1
Kα2(A− A∘)2[Au3+]

+ 1
(A− A∘)2, where A and Ao are absorbances at 570 nm in the 

presence and absence of Au3+. The calculation yielding a value of 
3404.21M− 1. This result supports a 2:1 (TS-Xan:Au3+) binding model, 
indicating a strong interaction between the sensor and Au3+ ions. The 
high correlation of the linear regression suggests that the binding 
mechanism follows a well-defined complexation process, further vali
dating the HRMS data.

The limit of detection (LOD) for Au3+ ions was determined using the 
3σ/m method from the calibration curve (σ is the standart deviation of 
the blank solution and m is the slope) (Fig. 9). The resulting LOD value 
was 2.73 μM, indicating the sensor’s high sensitivity and its ability to 
detect Au3+ at low concentrations. This detection limit is comparable to 

or lower than many previously reported colorimetric sensors. For 
instance, a coumarin-based probe reported by Wang et al. exhibited an 
LOD of 4.5 μM [40], while a rhodamine-based probe by Emrullahoglu 
et al. showed an LOD of approximately 3.6 μM [55]. In addition to its 
competitive sensitivity, TS-Xan offers advantages such as rapid 
response, reversibility, and ease of visual detection, making it a strong 
candidate for practical applications. The strong linear relationship 
observed in the calibration curve confirms the reliability and repro
ducibility of the probe’s response. The combination of a well-defined 
binding constant and a low LOD value highlights the potential of TS- 
Xan as an efficient and selective colorimetric sensor for Au3+ detec
tion in aqueous environments.

To further highlight the advantages of TS-Xan compared to other 
Au3+ probes, a comparative summary of recently reported sensors has 
been provided in Table S1 (Electronic Supplementary Information, ESI). 
Compared to previously developed probes, TS-Xan exhibits a rapid 
response time (<1 min), a distinct color change from yellow to violet 
visible to the naked eye, excellent selectivity toward Au3+ ions, and 
good reversibility. These features highlight the strong potential of TS- 
Xan for real-time and practical applications in environmental and 
analytical sensing.

Fig. 6. Job’s plot of TS-Xan and Au3þ in PBS (10 mM, pH = 7.4 at 25 ◦C).

Fig. 7. Proposed mechanism for the detection of Au3+.

Fig. 8. Benesi-Hildebrand plot obtained from the absorption titration of TS-Xan 
with Au3+ in PBS (10 mM, pH = 7.4 at 25 ◦C).

Fig. 9. Calibration curve for Au3+ detection & LOD.
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To further assess the analytical performance of TS-Xan, a ratiometric 
evaluation was performed based on the absorbance ratio of the two 
distinct bands at 570 nm and 441 nm. Upon the gradual addition of Au3+

ions (0–10 μM), the absorbance at 570 nm increased while the original 
band at 441 nm decreased, indicating a concentration-dependent spec
tral shift. The resulting ratiometric plot (A₅₇₀/A₄₄₁ vs. [Au3+]) is pre
sented in Fig. 10. Although the response was not strictly linear across the 
entire range, a pronounced and consistent trend was observed, partic
ularly within the 0–1 μM range. This dual-band response mechanism 
confirms the ratiometric nature of TS-Xan, despite minor deviations at 
higher concentrations. This behavior, highlighted in the inset plot, 
supports the semi-quantitative detection capability of TS-Xan and re
inforces its practical utility in trace-level Au3+ sensing applications.

In addition, to enhance the practicality of Au3+ detection, a paper- 
based strip test was developed by coating TS-Xan onto the surface of 
filter paper. The sensitivity of the TS-Xan-coated test strips was evalu
ated colorimetrically by treating them with different concentrations of 
Au3+ ions, ranging from 2 × 10− 2 M to 1 × 10− 4 M (Fig. 11). The results 
demonstrated that the TS-Xan-coated test strips enable rapid and highly 
sensitive Au3+ detection, making them a convenient tool for real-world 
applications. This method provides fast and accurate results without 
requiring complex instrumentation, offering a user-friendly, portable, 
and cost-effective approach for Au3+ detection in various chemical and 
environmental analyses.

While real environmental or biological samples were not tested in 
this study, the TS-Xan-coated paper strips demonstrated a distinct and 
rapid colorimetric response to Au3+ in PBS solution. These preliminary 
results suggest high potential for on-site applications, and future work 
will focus on validating performance in real sample matrices and 
comparing results with established analytical methods.

In the present study, the long-term stability of TS-Xan-coated test 
strips under different storage conditions was not systematically inves
tigated. However, this is a highly relevant aspect for real-world appli
cation. While the TS-Xan sensor itself has shown excellent chemical 
stability when stored at 4 ◦C for over six months, future studies will 
include a detailed evaluation of the test strips’ performance over time 
under various storage conditions such as ambient, refrigerated, and 
humid environments.

In addition to the experimental studies, the molecular structure and 
electronic properties of TS-Xan were investigated using density func
tional theory (DFT) calculations. For this purpose, the B3LYP functional 
[67,68] with the 6-31G(d) basis set [69] was used for the optimization of 
C, H, N, and O atoms, while the Au3+ ion was treated using the B3LYP/ 

LANL2DZ functional and basis set [70–72]. Geometric optimizations 
and energy calculations were carried out using Gaussian 09 software 
[73], and the results were visualized with GaussView 5 [74]. These 
computational methods were selected to provide an accurate represen
tation of the electronic structures and interactions within the system. 
The B3LYP functional and LANL2DZ basis set are widely utilized in the 
literature for the calculation of UV–Vis spectra of organic molecules and 
metal complexes [75]. Based on these calculations, the UV–Vis spectra 
of both free and Au3+-bound TS-Xan molecules were thoroughly 
analyzed, and the correlation between spectroscopic properties and 
molecular structure was discussed.

Figs. 12(a) and (b) present the UV–Vis spectra of the two different 
molecular states of TS-Xan. In the free TS-Xan molecule, two distinct 
absorption peaks were observed: The first peak appears in the 200–400 
nm range, with a maximum absorbance of 0.030. This region corre
sponds to the ultraviolet (UV) spectrum and is attributed to π → π* or n 
→ π* electronic transitions. The strong absorption in this range indicates 
the high density of π bonds within the molecular structure and reflects 
the extent of conjugation in TS-Xan. The second peak is observed be
tween 400 and 550 nm, with a maximum absorbance of 0.015. This 
range corresponds to the blue-green region of the visible light spectrum. 
The absorption of blue-green light results in the complementary color 
perception of the molecule, leading to its red-orange appearance.

In the UV–Vis spectrum of the TS-Xan + Au3+ complex, a single 
absorption peak was observed, located within the 400–1000 nm range, 
with a maximum absorbance of 0.004. The peak maximum appears 
around 600–700 nm, corresponding to the red-orange region of the 
visible spectrum. As a result, the complex absorbs light in this region, 
causing it to be perceived in its complementary color—blue-green tones. 
However, the low absorbance value (0.004) suggests that this color 
change is relatively faint and less intense. Additionally, the absence of a 
prominent peak in the UV region of the TS-Xan + Au3+ complex spec
trum indicates that the electronic structure of the molecule has signifi
cantly changed upon complexation with the gold ion. This transition 
suggests that low-energy electronic transitions have become dominant, 
leading to a shift in the absorption properties of the complex.

The strong absorption peak observed in the UV region of the TS-Xan 
molecule suggests a high degree of conjugation and a π-electron dense 
structure. However, upon complexation with Au3+ ions, the disappear
ance of the UV absorption peak and the overall decrease in absorption 
intensity indicate that the gold ion significantly alters the electronic 
structure of the molecule. This interaction results in a modification of 
the energy levels associated with electronic transitions, leading to a shift 
in the optical properties of the system. Such effects of gold complexation 
on π-electron density and transition energies are well-documented in the 
literature [76], further supporting the observed spectral changes.

The UV absorption of TS-Xan highlights the role of conjugation in 
optical properties, while complexation with Au3+ ions leads to the 
disappearance of UV peaks and a weaker absorption in the visible re
gion. This shift in optical behavior aligns with literature reports [77] on 
metal coordination effects and provides valuable insights for potential 
applications in dye chemistry and photochemical systems.

Fig. 10. Ratiometric absorbance response (A₅₇₀/A₄₄₁) of TS-Xan toward 
increasing concentrations of Au3+ ions (0–10 μM) in PBS (10 mM, pH 7.4). The 
main plot shows the full concentration range, while the inset highlights the 
ratiometric response within the 0–1 μM range, where a more consistent 
concentration-dependent trend is observed.

Fig. 11. Photographic representation of TS-Xan-coated test strips after expo
sure to varying concentrations of Au3+ ions.
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4. Conclusion

In summary, a novel xanthene-based reversible colorimetric probe 
(TS-Xan) was successfully synthesized for the selective and sensitive 
detection of Au3+ ions. TS-Xan exhibited high selectivity toward Au3+

over various competing cations in PBS solution (10 mM, pH 7.4, 25 ◦C). 
The sensor displayed a unique UV–Vis absorption response at 570 nm, 
accompanied by a rapid colorimetric transition from yellow to violet 
within less than one minute, allowing for direct naked-eye detection. A 
key feature of TS-Xan is its reversible coordination mechanism with 
Au3+ ions. Upon the addition of Na₂S, the complexation is disrupted, and 
the sensor returns to its original state, resulting in a visual color shift 
from yellow to violet and back to yellow. This rapid, instrument-free 
detection capability offers significant advantages, making TS-Xan a 
highly practical tool for real-time monitoring of Au3+ ions. DFT calcu
lations supported the experimental findings by confirming structural 
and electronic changes upon complexation with Au3+. Notably, TS-Xan 
demonstrated a low limit of detection (2.73 μM), strong binding affinity 
(K = 3404.21 M− 1), and exceptional selectivity over other metal ions, 
positioning it favorably among existing Au3+ sensors. Furthermore, its 
rapid, visible, and reversible response—combined with successful 
application in a paper-based test strip format—highlights its potential 
for real-time, cost-effective, and instrument-free detection in both lab
oratory and field settings. Taken together, these features establish TS- 
Xan as a highly practical and versatile platform for gold ion sensing. 
Future studies will aim to expand its scope toward other heavy metals 
and further enhance its analytical performance.

TS-Xan was specifically designed to target Au3+ ions through coor
dination with imine and pyridyl nitrogen atoms, which serve as strong 
binding sites for soft Lewis acid centers like gold(III). Given its modular 
structure, further chemical modifications may allow the extension of its 
sensing capabilities to other heavy metal ions or different oxidation 
states of gold. This adaptability offers promising opportunities for 
developing a broader family of TS-Xan-based colorimetric sensors

To improve the practical applicability of TS-Xan, future work will 
focus on integrating the sensor into portable platforms such as 
smartphone-assisted paper devices or microfluidic systems. Sensitivity 
enhancement through structural modification or signal amplification 
strategies is also planned, along with validation in real environmental 
and biological samples.
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Emrullahoğlu for his invaluable support, expert guidance, and contin
uous encouragement throughout my studies. It has been an honor to 
work under his mentorship. I would also like to extend my heartfelt 
appreciation to Assoc. Prof. Tuncay Karakurt for his assistance and 
valuable contributions to the theoretical study This research did not 
receive any specific grant from funding agencies in the public, com
mercial, or not-for-profit sectors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.sbsr.2025.100799.

Data availability

The data supporting this article have been included as part of the 
supplementary information

References

[1] L.E. van Vlerken, M.M. Amiji, Multi-functional polymeric nanoparticles for 
tumour-targeted drug delivery, Expert Opin. Drug Deliv. 3 (2) (2006) 205–216, 
https://doi.org/10.1517/17425247.3.2.205.

[2] E.C. Dreaden, A.M. Alkilany, X.H. Huang, C.J. Murphy, M.A. El-Sayed, The golden 
age: gold nanoparticles for biomedicine, Chem. Soc. Rev. 41 (2012) 2740–2779, 
https://doi.org/10.1039/C1CS15237H.
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