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Abstract
In this work, a new probe called Rh-Ph-Rh that features two rhodamine groups attached to a phenyl ring
was developed. This hybrid compound serves multiple purposes: it turns on with a strong fluorescent
signal in the presence of aluminum ions (Al3+) and can detect them at concentrations as low as 358 nM.
Interestingly, when both Al3+ and cyanide ions (CN⁻) are present, fluorescence is quenched, enabling
sensitive detection of CN¯ (down to 619 nM). Beyond sensing, Rh-Ph-Rh can act as a molecular
“memory” unit and displays notable electrical properties. Moreover, practical applications include the
rapid detection of Al3+ and CN⁻ ions using filter paper strips and smartphone-based RGB colorimetric
analysis. In biological assays using MCF-7 cancer cells, Rh-Ph-Rh exhibited anticancer effects that
increased with higher doses (IC50 = 31.357 µg/mL), enabling fluorescence-based imaging of aluminum
ions within cells. Tests in live Daphnia magna (water fleas) confirmed that a visible green glow could
selectively identify Al3+. Taken together, these results suggest that Rh-Ph-Rh could be a valuable tool for
environmental monitoring, biological imaging, and cancer treatment and diagnosis.

1. Introduction
Recently, there’s been a noticeable shift toward the use of organic-based materials in sensor technology
[1–4]. In ion detection, simple methods such as colorimetry and fluorometry are becoming increasingly
popular, primarily because they offer sensitive, affordable alternatives to traditional analytical techniques
[5–7]. This trend highlights the need for selective detection of ions in complex mixtures using organic
compounds [8–11]. Among these, rhodamine derivatives have become a staple in the design of
fluorescent sensors, owing to their high brightness, photostability, and broad emission range. Of these,
rhodamine stands out for its remarkable photophysical qualities. Rhodamine is particularly valued in
fields such as live-cell imaging and ion detection, owing to its strong light absorption and high quantum
yield [12]. One of its unique features is reversible switching between non-fluorescent and fluorescent
forms, making it ideal for creating highly selective and sensitive sensors [13]. However, rhodamine is not
without its drawbacks. Its relatively bulky structure and hydrophobic nature can reduce its solubility and
make it harder for cells to take up [14]. There is also the risk of high background fluorescence or non-
specific interactions, which can sometimes lead to misleading, false-positive results. Nonetheless,
despite these challenges, rhodamine continues to play a key role in the development of advanced,
sensitive, and selective sensor technologies, thereby maintaining its position at the forefront of research
in this area [15, 16]. This research focuses on detecting aluminum ions, achieving sensitivity levels that
meet international detection standards. Aluminum (Al3+), which is abundant in Earth’s crust, is a
corrosion-resistant and lightweight metal. Therefore, it can be used in many industrial parts, such as in
airplanes, cars, food packaging, and building materials [17, 18]. Although beneficial, overexposure to
aluminum can be harmful, making it a hazardous waste that must be monitored in natural resources and
biological processes. Research conducted in recent years shows that aluminum can cause neurological
problems, including issues with the kidneys, respiratory system, bones, and Alzheimer's disease [19–21].
Therefore, to protect human and environmental health and reduce these risks, organizations like the
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World Health Organization (WHO) recommend keeping daily aluminum intake between 3 and 10 mg. This
limit is set at 5 mg/L (7.41 µM) in drinking water [22–24]. Similarly, cyanide is extremely toxic and can be
lethal even at very low levels, which is why drinking water standards are so strict, typically around 1–2
µM. For example, the WHO recommends keeping the cyanide ion (CN⁻) in drinking water below 1.9 µM
(0.2 mg/L) [23, 25–27]. While certain industrial applications exploit cyanide’s ability to form less toxic
metal complexes, the development of organic-based detection methods offers a safer and potentially
more effective approach [28–31]. Rhodamines, known for their dual roles as fluorophores, present a
valuable platform for multifunctional sensing. On the other hand, Daphnia magna, often referred to as
water fleas, has become invaluable as a live biosensor in environmental monitoring thanks to its
remarkable sensitivity to a broad range of chemical pollutants. Their transparent bodies make it
straightforward for researchers to observe physiological and behavioral changes [32, 33]. With their rapid
reproductive rates, short life spans, and well-documented ecotoxicological characteristics, these
organisms are particularly well-suited for evaluating water quality and detecting toxic substances,
including heavy metals, pesticides, and emerging contaminants [34]. More recently, live D. magna have
been incorporated into advanced sensor systems, enabling real-time, on-site detection of pollutants in
aquatic settings and offering an efficient, cost-effective approach to environmental risk assessment [35].
In this study, we report on the synthesis of a novel rhodamine derivative bearing a phenyl group.
Following synthesis, we evaluated its ion-detection capabilities using colorimetric analysis of real water
samples, drugs, and biological systems, as well as spectroscopic analyses. Moreover, to emphasize the
effectiveness of the sensor mechanism, the study has been supplemented with imaging of paper,
smartphones, and MCF-7 cells (human breast cancer cell line, ATCC HTB-22). Additionally, in vivo tests
were performed on live Daphnia magna (water fleas) to demonstrate that the system can be studied
under in vivo conditions alongside in vitro studies.

2. Results and Discussions
2.1 Preparation of a Bis(rhodamine)-Phenyl Hybrid. The potential technical applications of open- and
closed-form rhodamine-based compounds encourage their study. In this context, the multistep synthesis
of a novel bis-rhodamine-phenyl hybrid, Rh-Ph-Rh, was achieved. As documented in the literature, one
precursor, Rh-NH₂, was generated by reacting ethylene diamine with rhodamine B (1) in ethanol (Scheme
S1 and Figure S1) [42]. Then, using an acetic acid catalyst, the Rh-NH₂ reaction with Ph(CMeO)₂ in
ethanol was carried out overnight at the ethanol boiling point, affording the target probe Rh-Ph-Rh in 78%
yield (Scheme 1 and Figure S2). On the other hand, the NMR spectrum of the Rh-Ph-Rh interaction with
aluminum ions was obtained, and shifts in the aromatic regions were observed. This suggested that the
lactam ring may have opened as a result of the interaction (Figure S3) [28]. Aluminum ions function as
Lewis acids and strongly interact with carbonyl oxygen. This interaction causes the ring to open in the
presence of aluminum ions, leading to a noticeable color change. NMR spectra also confirm this process
(Figure S3). Subsequently, adding [Bu4N]CN removes the aluminum ions from the system, enabling the
amide nitrogen to re-form the lactam ring (Scheme S1). To better understand the binding morphology, we
also performed mass spectrometry in conjunction with NMR. Additionally, the mass for the Rh-Ph-Rh-
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Al3+ complex was detected as 1397,3563 (calculated for C70H78Al2Cl6N8O4: m/z [M + K]+ 1397,3549)

(Figure S4B) using high-resolution mass spectrometry (HRMS, ESI-TOF). All this data confirms the
synthesis and aluminum-probe interaction.

Scheme 1

2.2 Spectroscopic Response. Following the synthesis of the Rh-Ph-Rh probe, its ability to detect various
ions was evaluated using UV-Vis and fluorescence spectroscopy. To ensure environmentally friendly
conditions, all experiments were initially conducted in water (Fig. 1). The probe was exposed to a range
of ions, with a notably strong response observed with aluminum ions, even in tap water samples.
Interestingly, after fifteen minutes, the probe also interacted with fluoride ions, producing a weak
response (Figure S5A). Overall, time-course studies showed that the interaction between the probe and
aluminum ions peaked at about 5 minutes and then stabilized (Figures S5B and S5D). After about fifteen
minutes, a slight interaction with fluoride ions became noticeable, though it was clearly weaker than the
response observed for aluminum ions. Further examination of timing and solvent conditions led to pH
studies, which showed that a neutral environment (around pH 7), both with and without 10 mM HEPES
buffer, provided the most favorable conditions for these interactions (Figure S5C and S5D). Even though
comparable results were achieved in plain aqueous solutions, buffered pure water was ultimately
considered the better choice. This is because aluminum ions tend to form hydroxyl complexes in water,
anions can be sensitive to pH changes, and pH fluctuations can directly influence fluorescence intensity
[43]. Taking all these factors into account, the optimal setup was determined to be water with HEPES
buffer as the solvent. Based on these optimization efforts, the optimal conditions for using the probe
were determined: water as the solvent, pH 7 in a HEPES buffer (10 mM), and a five-minute interaction
time. The function of probes bearing a rhodamine unit involves ring opening triggered by environmental
factors or by interactions with specific ions. This is indicated by the appearance of a characteristic UV-
Vis absorption peak around 560 nm, along with a visible color change. UV-Vis studies in water showed a
peak at 560 nm, confirming that Rh-Ph-Rh undergoes ring opening only in the presence of Al3+ ions (Fig.
1A). In addition to UV-Vis spectroscopy, fluorescence spectroscopy was also employed to investigate the
interaction of Rh-Ph-Rh with various ions. Upon excitation at 500 nm, the probe emitted strongly at 581
nm, particularly in the presence of Al3+ in water (Fig. 1B). This intense fluorescence confirms that the
probe acts as a selective turn-on sensor for Al3+ ions. These fluorescence results are consistent with our

UV-Vis data, further proving the probe’s selectivity for Al3+. To test the practical potential of Rh-Ph-Rh, its
selectivity was assessed in the presence of other metal cations. In water, the probe showed excellent
selectivity for Al3+, with no interference from other ions. Interestingly, upon addition of cyanide, the
fluorescence intensity of the Rh-Ph-Rh–Al3+ complex decreased significantly (Fig. 1C). This suggests
that the Rh-Ph-Rh–Al3+ complex can also serve as an effective turn-off fluorescent sensor for detecting
cyanide in water. After completing the general spectral studies, we performed fluorescence titrations to
investigate the interaction of the Rh-Ph-Rh molecule with aluminum ions (Figure S6). As the
concentration of Al3+ ions increased, the probe's fluorescence intensity rose steadily and leveled off at 2
µM Al3+ (Figure S6A). We determined the limit of detection (LOD) and limit of quantification (LOQ) using
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the equations described in the experimental section. The calculated LOD and LOQ were 358 nM and 1.08
µM, respectively (Fig. 1D). These results demonstrate that the Rh-Ph-Rh probe can detect Al3+ ions in
water with high sensitivity, achieving detection limits in the nanomolar to low micromolar range. The
reversible interaction between the Rh-Ph-Rh-Al3+ complex and cyanide ions indicated that this system
could serve as a sensor for CN⁻ anions (Fig. 1C). To test this, we performed fluorescence titrations
across increasing cyanide concentrations, confirming our hypothesis. As the [Bu4N]CN concentration
increased, the fluorescence intensity at 581 nm steadily declined, leveling off at about 3.2 µM (Figure
S6B). The calculated LOD and LOQ for cyanide ions were 619 nM and 1.88 µM, respectively (Fig. 1E).
These findings demonstrate the complex’s high sensitivity and precision for detecting cyanide ions. To
see how well Rh-Ph-Rh could work as a sensor, we also tested how strongly it binds to Al3+ ions using a
Job’s plot experiment (explained in detail in the experimental section). By tracking fluorescence intensity
across mixtures with varying Rh-Ph-Rh-Al3+ ratios, we found that they form a 1:2 complex (Figure S7).

Next, we used fluorescence titration data to calculate the binding constant (Ka) for Al3+, which was 3.13

× 1011 M− 2. This high value indicates a strong affinity of the probe for aluminum ions (Figure S8). Overall,
these findings suggest that Rh-Ph-Rh could be an effective sensor for detecting Al3+ ions.

Figure 1

In the first phase of this study, we investigated probe Rh-Ph-Rh as a potential sensor for detecting
aluminum and cyanide in water. For this purpose, the performance of the probe Rh-Ph-Rh was compared
with that of previously reported sensors targeting the same analyses to assess the practical applicability
of this sensor candidate. Table 1 shows that our sensor candidate behaves similarly to existing sensors,
suggesting its potential to detect cyanide and aluminum in water [28, 30, 43–51]. This sensor candidate
offers a few advantages over earlier systems. It’s a new bis-rhodamine-substituted organic that enables
fast, displacement-based detection of Al+ 3 (within 5–10 minutes) and CN⁻ (within 5 minutes), both at
nanomolar concentrations (Fig. 1). While rhodamine-based sensors for Al3+ are fairly common, most
struggle to provide a meaningful response to cyanide. Once the probe forms a complex with Al3+, it can
be used as a “turn-off” sensor for CN⁻, doing so quickly and selectively, even in the presence of other
cations and anions (Fig. 1C). In summary, this creates a dual-function sensing platform. Additionally, the
sensing process is reversible, allowing reuse for up to five cycles (Figs. 7 and S12), and the detection
limits are comparable to or better than those reported in the literature.
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Table 1
Comparison of some Al3+ and CN− selective

chemosensors.
Reference Sensor Sensing ions LOD

[28] Al3+

CN−

857 nM

680 nM

[30] Al3+

CN−

1.35 µM

0.36 µM

[44] Al3+ 4.32 µM

[45] Al3+ 3.36 µM

[46] Al3+ 392 nM

[47] Al3+ 10.0 µM

[48] CN− 0.86 µM

[49] CN− 6.67 µM

[50] CN− 2.41 µM

[51] CN− 4.30 µM

This study   Al3+

CN−

358 nM

619 nM

Table 1

2.3 Practical Application and Smartphone-Based RGB Colorimetric Analysis. In addition to
spectroscopic techniques, simple tools for determining target analytes without expensive equipment
make sensor candidates even more popular for field studies. Therefore, straightforward and effective
methods, such as filter paper and colorimetric assays, can complement advanced instruments in
evaluating potential sensor candidates. In this context, we began by observing how the probe's color
changed in water when exposed to various metal ions. Notably, the probe Rh-Ph-Rh exhibited a color
change upon exposure to aluminum ions in water, indicating its potential as a visual sensor for
aluminum detection. After conducting colorimetric studies in water to develop an easy-to-use detection
method for Al3+ and CN⁻, we prepared test strips by soaking filter paper in probe solutions (Fig. 2). These
strips exhibited a quick, visible color change when exposed to solutions containing aluminum, especially
under sunlight or UV light. Moreover, test strips pretreated with the Rh-Ph-Rh-Al3+ complex rapidly lost
their color upon exposure to cyanide, making them useful for detecting cyanide in environmental or
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waste samples (Fig. 2). These Rh-Ph-Rh-based test kits offer a simple, affordable, and portable way to
detect aluminum and cyanide ions, especially in field environments where advanced lab equipment is
unavailable. In conclusion, this straightforward visual method provides an effective means of detecting
aluminum and cyanide ions.
Figure 2

Alongside traditional water-based and paper test methods, we have also adopted smartphone-based
RGB colorimetric analysis, a technique that has gained significant traction recently, to deepen our
understanding of how the probe functions in real-world settings. In this case, real-time RGB analysis
using a smartphone was conducted to evaluate the probe's ability to detect Al3+ on-site. Test and control
solutions were prepared by mixing varying concentrations of Al3+ (0–1.6 µmol/L) with probe Rh-PP-Rh in
water (Figs. 3A, 3B, and S9). Images of all samples were captured under standardized conditions, with a
fixed distance of 20 cm between the smartphone camera and the solutions. RGB values were extracted
using mobile applications, and the average RGB intensity (R + G + B)/3 was plotted against Al3+

concentration (Fig. 3C) [52]. A logarithmic plot revealed a strong linear correlation (R² = 0.9446) between
RGB intensity and Al3+ concentration (Fig. 3D). A control sample containing 5.0 µmol/L Al3+ was
analyzed to validate the calibration. The corresponding logarithmic RGB intensity value (2.33) closely
matched the calculated concentration of 0.48 µmol/L from the calibration curve, consistent with
expectations. These findings confirm that the probe functions effectively as a field-deployable sensor for
on-site detection of Al3+ via smartphone-based RGB analysis.

Figure 3

2.4 Real-World Applications. In addition to exploring practical applications, we tested the probe on
various real-water samples, including groundwater, tap water, and drinking water (Figure S10). We also
examined surplus aluminum-containing wipes and gel deodorants, which are commonly used to treat or
prevent hyperhidrosis. For each sample, we added known amounts of Al3+ and then measured the
resulting fluorescence using fluorescence spectroscopy. As shown in Table 2, the probe detected Al3+ in
all matrices, with recoveries ranging from 98.3% to 101.8%, confirming that the probe provides accurate
and reliable measurements across samples. Notably, the wipes and gel deodorants contained significant
amounts of aluminum. This emphasizes the need for more careful use and raises environmental
concerns; once discarded, these materials can leach aluminum into groundwater, contributing to water
pollution.
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Table 2
Analytical results for the determination of Al3+ in real

water samples and antiperspirants (wipes and jel
deodorants)

Sample Al3+added

(µmolL− 1)

Al3+found

(µmolL− 1)

Recovery

(%)

Tap Water 0.0 0.63 0.0

0.5 1.12 98.9

1.5 1.66 101.8

2.0 2.65 101.1

2.5 3.16 101.2

Ground Water 0.0 0.48 0.0

0.5 0.98 99.8

1.5 1.46 98.3

2.0 2.48 99.8

2.5 2.95 98.8

Bottled Water 0.0 0.61 0.0

0.5 1.12 101.6

1.5 1.64 101.3

2.0 2.60 99.4

2.5 3.11 99.6

Wipes 0.0 1.23 0.0

0.5 1.73 100.1

1.5 2.22 99.7

2.0 3.21 99.8

2.5 3.75 100.6

Jel Deodorant 0.0 1.50 0.0

0.5 1.96 98.4

1.5 2.52 100.8

2.0 3.48 99.4
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Sample Al3+added

(µmolL− 1)

Al3+found

(µmolL− 1)

Recovery

(%)

2.5 3.98 99.5

Table 2

2.5 In vitro and In vivo studies. According to the results, the test compound decreased cell viability in a
dose-dependent manner, particularly at concentrations of 125–500 µg/mL, where the viability was
inhibited by more than 50%, demonstrating its anticancer activity in MCF-7 cells using the WST-1 test,
which is advantageous for the newly developed compound. The IC50 was calculated to be 31.357 µg/mL
(Fig. 4).
Figure 4

To evaluate the practical prospects of the test sample, imaging experiments were performed on human
breast cancer cells using negative control, Rh-Ph-Rh alone, and Rh-Ph-Rh+Al3+, as shown in Fig. 5. When
incubated with the test compound alone, the cells exhibited no fluorescence, indicating that the test
material has no fluorescence background. Upon coincubation of the cells with the test compound and
subsequent treatment with Al3+ (100 µM), pronounced green fluorescence was observed, indicating that
the test compound detects Al3+ in human breast cells. These results confirmed that the probe Rh-Ph-Rh
enables effective monitoring of Al3+ with high-performance fluorescence imaging.

Figure 5

The fluorescence properties of the probe Rh-Ph-Rh in the presence of Al3+ in vivo were evaluated using
Daphnia magna, a standard test organism recommended by USEPA (Figs. 6 and S11). As shown in Fig. 6,
neonates in the control group and those exposed to the probe alone showed no detectable fluorescence
signal in the green channel. In contrast, neonates incubated with the probe and then exposed to Al3+

exhibited a clear green fluorescence signal. These results demonstrate that the probe Rh-Ph-Rh can
selectively detect Al3+ in living organisms.

Figure 6

2.6 Design of Molecular Memory Unit. A major benefit is the capacity of rhodamine-based probe Rh-Ph-
Rh to reversibly toggle fluorescence in response to Al3+ and CN⁻ ions. Namely, while the interaction of
Al3+ ions and probe Rh-Ph-Rh turns on the fluorescence, subsequent treatment with cyanide turns off
the fluorescence. Moreover, demonstrating high reusability, this fluorescence activation-deactivation
cycle was repeated up to 12 times. The probe Rh-Ph-Rh is thought to form stable complexes with Al3+

that are disrupted upon addition of CN⁻, leading to a loss of fluorescence (Figs. 7A and S12).
Fluorescence "on" and "off" states correspond to logical "1" and "0", respectively, enabling the
construction of a molecular logic gate system via this reversible property. In this case, in the absence of
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Al3+ (Input 1, In1) or CN⁻ (Input 2, In2), the system remains in the "off" state (logic 0). Upon addition of

Al3+, the fluorescence turns "on" (logic 1), and subsequent addition of CN⁻ returns the system to the "off"
state (logic 0) (Fig. 7B). The bistable switching of the probe Rh-Ph-Rh exhibits non-volatile memory
characteristics, maintaining its "on" or "off" state over multiple "write-read-erase-read" cycles (Fig. 7, inset
scheme). This optical memory capability enables reliable molecular-level logic operations, offering
promising potential for future molecular microprocessors and memory components in integrated logic
systems.
Figure 7

Given its practical applications, the work also emphasizes real-world usefulness. The sensor functions
colorimetrically, integrates with smartphone-based analysis, and uses simple test strips for quick, low-
cost detection. Its effectiveness has been demonstrated not only in real water samples and cosmetic
products but also in biological contexts, including cell imaging and both in vitro and in vivo studies with
Daphnia magna. Overall, the combination of sensitivity, selectivity, reversibility, and flexibility across
different platforms gives this sensor a broader and more practical advantage over many existing
systems.

3. Conclusions
In conclusion, the newly synthesized bis-rhodamine-substituted phenyl hybrid probe, Rh-Ph-Rh, yielded
intriguing results, highlighting its multifunctional capabilities across sensing, imaging, and biomedical
applications. Recognition Capabilities: Rh-Ph-Rh exhibited selective recognition of Al3+ ions in aqueous
media, with a detection limit of 358 nM. Additionally, in the presence of Al3+, the probe acted as a "turn-
off" sensor for cyanide ions, with a detection limit of 619 nM. These dual-mode sensing properties
reflect the probe’s high sensitivity and selectivity. Practical Application: The colorimetric responses on
filter paper and the visible color changes upon addition of Al3+ demonstrated the probe’s suitability for
field applications, particularly in environmental monitoring for aluminum and cyanide contamination.
Smartphone-Based RGB Colorimetric Studies: RGB analysis facilitated smartphone-assisted, in situ
detection of Al3+, confirming the probe’s practicality as a portable, field-deployable sensor. Real-World
Applications: Recognition experiments have been expanded to include samples from tap water, drinking
water, and groundwater, as well as pharmaceuticals, demonstrating the versatility and reliability of Rh-
Ph-Rh across complex matrices. Cell Viability and Imaging Studies: The probe exhibited high
cytotoxicity and potent anticancer activity in MCF-7 cells, with an IC₅₀ of 31.357 µg/mL. Fluorescence
imaging studies confirmed the detection of Al3+ within live cells, supporting its use in intracellular
sensing. In Vivo Studies: Experiments with Daphnia magna validated the probe’s in vivo selectivity for
Al3+, with a distinct green fluorescence observed only in Al3+-treated organisms, demonstrating its
biosensing capability in living systems. Molecular Logic Properties: The reversible ring-opening/closing
behavior of Rh-Ph-Rh enabled its use as a molecular memory unit.

4. Experimental
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4.2.  Synthesis of probe (Rh-Ph-Rh)

To a solution of rhodamine B ethylenediamine (Rh-NH2, 100 mg, 2 equiv.) in ethanol (10 mL), either 1,1'-
(1,4-phenylene)bis(ethan-1-one) (Ph(CMeO)2, 17 mg, 1 equiv.) was added. The reaction mixture was
stirred under reflux in ethanol. Upon completion of the reaction, the solvent was removed under reduced
pressure by TLC. The crude product was purified by recrystallization to yield the desired probe as a pale-
yellow solid (88 mg, 78% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.81-7.79 (m, 3H, =CH), 7.61 (m, 3H,
=CH), 7.51 (m, 4H, =CH), 7.05 (m, 2H, =CH), 6.32 (m, 12H, =CH), 3.35-3.10 (m, 30H, CH2, CH3), 1.88 (s, 6H,

CH2), 1.05 (m, 18H, CH2, CH3); 13C NMR (100 MHz, DMSO-d6) δ 167.3, 165.2, 153.8, 153.1, 148.8, 141.2,
131.1, 128.9, 128.4, 127.2, 126.6, 124.1, 122.8, 108.6, 105.5, 97.7, 64.5, 49.9, 44.2, 41.2, 15.2, 12.8 (Figure
S2); HRMS (ESI-TOF) m/z: [M]+ calcd for C70H78N8O4, 1094.6141; found, 1094.6166 (Figure S4A).

4.3.  Methodology for Recognition Evaluation

The probe's recognition behavior toward various analytes was systematically evaluated using
experimental procedures reported in the literature.28 To this end, UV–Vis absorption and fluorescence
studies were initially conducted to examine the probe's interaction with various ions, while titration
experiments with Al³⁺ and CN⁻ were carried out under controlled conditions to observe spectral changes.
The binding stoichiometry was determined using Job’s method, and the detection limit (LOD) was
calculated from fluorescence titration data using standard analytical approaches.  Additionally, the
association constant (Ka) was calculated using the Benesi–Hildebrand method. The effect of pH on
sensing performance was studied across a wide pH range, and the probe's reversible switching behavior
in the presence of Al3+ and CN⁻ ions was evaluated through repeated cycling tests.  Furthermore,
colorimetric test strips were prepared to assess practical use, and real-sample testing was performed on
different water sources to verify the probe’s effectiveness under real-world conditions. Detailed
experimental procedures are included in the Supplementary Information.

4.3. Biological measurement 

The study of cytotoxicity, anticancer activity, and live-cell imaging of the tested compound was
conducted using established protocols from the literature [47-49]. MCF-7 human breast cancer cells
were cultured under standard conditions, and in vitro cytotoxicity was measured with the WST-1 assay to
evaluate dose-dependent effects on cell viability. Cellular morphology was observed simultaneously
through microscopy to support viability results. Based on the cytotoxicity findings, non-toxic
concentrations were selected for live-cell imaging studies, in which the probe's intracellular fluorescence
response to aluminum ions was analyzed using confocal microscopy. Furthermore, in vivo imaging
studies were performed using Daphnia magna as a model organism, following OECD guideline-based
procedures [33, 50, 51], to assess the probe’s fluorescence behavior in a whole-organism system.
Detailed experimental procedures are available in the Supplementary Information.
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Schemes
Scheme 1 is available in the Supplementary Files section
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Figure 1

The UV-Vis (A) and fluorescence (B) spectras of Rh-Ph-Rh with the absence and presence of ions, (C) the
fluorescence spectra and bar graphics of Rh-Ph-Rh upon adding different ions up to 1 equivalent in
water, and the changes in fluorescence intensity of Rh-Ph-Rh and Rh-Ph-Rh-Al3+ with the increasing
concentration of AlCl3 (D), and [Bu4N]CN (E).
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Figure 2

The sunlight and UV light at 365 nm cause color changes in photographs depicting the formation of Rh
Ph-Rh and Rh-Ph-Rh-Al3+ with AlCl3 and [Bu4N]CN as observed with filter paper, and colorimetric cotton

swabs

Figure 3
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(A) Color changes of Rh-Ph-Rh with varying Al3+ concentrations; (B) Workflow for Al3+ quantification in
control samples using RGB analysis; (C) Calibration curve for Al3+ concentrations from 0–1.6 μmol/L; (D)
Calibration curve presented on a logarithmic scale.

Figure 4

Cytotoxicity test results after 24 h exposure at different test sample concentrations in the MCF-7 cell line
by WST-1 assay. All data obtained from three independent replicates and presented as mean± SD.
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Figure 5

Confocal fluorescence microscopic images in MCF-7 cells incubated with 50 µg/mL of Rh-Ph-Rh for 30
min, followed by an additional 30 min. incubation with Al3+ at 100 µM concentration. (λex = 543 nm. λem
= 600–700 nm).
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Figure 6

Fluorescence images of Daphnia magna: control group, incubated with 50 μg/mL of the Rh-Ph-Rh only,
and incubated with 50 μg/mL of the probe followed by 100 μM Al3+ (Scale bar for neonates = 200 µm;
scale bars for magnified images = 100 µm).
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Figure 7

The reversible switching of the fluorescence intensity of Rh-Ph-Rh-Al3+/[Bu4N]CN (A), and (B) the

“IMPLICATION” logic gate. Inset scheme: Reversible logic processes with “reading-writing-reading-
erasing-reading” activities are revealed by the feedback loop.
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