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A switchable sensor for Cu®* and Zn®* based on xanthene moiety-
making a path for a complex molecular encryption system based on
color and fluorescent change
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Abstract: Colorimetric and fluorescent detection methods for metal analytes has become a powerful tool for qualitative and
quantitative analysis in the last decade due to their immediate output, cost-effectiveness, specificity/selectivity, zero interference,
high detection limit, and application in practical samples. Sensing Cu?*, Ni?" or Zn?* like analytes gained a lot of attention due to
their significance in biological, medical, and environmental purposes. To account for this purpose, we synthesized and designed a
colorimetric, fluorescent off-on, and reversible chemosensor EYM having xanthene as a signaling moiety and 4-carbamoyl-3-
Butenoic acid as a receptor moiety. The EYM probe is then screened with AI**, V3, Na*, K*, Fe**, Mg?*, Ca®*, Fe*', Co?*, Zn%,
Cd?*, Hg?*, Mn?*, Co®, Pb?, Cu®, Pd*, and V** in DMSO: H,O (4:1) solvent system where EYM shows absorbance change
specifically for Cu?* at 541nm changing from colorless to dark pink. The detection limit and association constant of the EYM probe
for Cu®" is 78.5nM and (6.013-5.947)x10° M™ respectively. The coordination of Cu?* with EYM is in (1:2: Ligand: Metal)
stoichiometric ratio. The immediate saturation time (~2 sec) and low detection limit (78.5nM) of the EYH probe give
competitiveness over other sensors in practical applicability in real-life samples detection of Cu?*. Not only this, the EYM sensor can
switch from mono to bi to tri-functional sensor for Cu®*, Ni*" and Zn?" with the stimuli of water in the DMSO solvent. The EYM
shows specific abnormal fluorescent enhancement in contact with Zn?* in DMSO solvent. The detection limit for Zn?* is 79nM same
as Cu®" in a colorimetric assay. Switchable sensing is utilized to make complex molecular LOGIC GATE operations, including
password-protected molecular encryption systems.

Keywords: Inter charge transfer (ICT); Eosin Y; Chemosensor; Benesi-Hildebrand plot (BH plot); Quencher EDTA
(Ethylenediaminetetraacetic acid); Molecular logic gate; Encryption

1. Introduction

The development of chemical probes for metal analytes has
gained significant attention due to its potential application for
environmental, medicinal, biological, and chemical purposes.
Chemosensors have a receptor unit containing a binding pocket
for metal cations, anions, or molecules. These binding pockets
have coordinating atoms like N, O, S, which facilitate
coordinating metal cations like Cu®*, Ni?*, and Zn2".[1-7] The
binding of analytes brings a physical and chemical change in the
overall system, resulting in a rise in the signal detected by
optical probes. Czarnik and coworkers were among the first
who utilized the close and open ring feature of rhodamine B
hydrazide as a sensor for Cu®".[8] Rhodamine hydrazide
contains a signaling core as a xanthene unit and receptor site as
a hydrazine carboxaldehyde moiety. On binding with an

analyte, the spiro ring breaks to fuel up the xanthene core with
aromaticity, resulting in a rise of fluorescence and absorbance
signal. Developing chemosensor also plays a vital role in
qualitative and quantitative analysis of metal ions "in the field."
Several methods have been used to detect metal ions, such as
atomic absorption spectroscopy,[9] inductively coupled plasma-
mass spectrometry,[10] inductively coupled plasma emission
spectroscopy,[11] neutron activation analysis,[12], etc. Still, it is
not suitable for "in the field" detection due to critical
pretreatment procedures, time-consuming analysis, expensive
instruments, and often has serious interference by co-existing
ions. But the chemosensor with fast response time, selective and
low LOD (Limit of Detection) can play an important role "in the
field" detection.
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Copper is one of the ubiquitous and essential minerals that
play a more significant role in day-to-day human activities in
biological systems. Many natural enzymes, organelles, and
metabolism are dependent on Cu?* for working in healthy
mode.[13,14] The benefits of copper to human life come with
an apparent condition: the controlled intake of copper. The US
Environmental Protection Agency (EPA) has set the maximum
allowable level of copper in drinking water at 1.3 ppm.[15]
Excess and deficiency of copper can lead to oxidative stress,
damage to the kidney and liver, to life-threatening neurological
disorders like Alzheimer's, Wilson's, and Menke's diseases.[16—
22]

Zinc is the second most abundant transition metal in the
human body. Chemosensor based on zinc has attracted
significant attention due to its high relevance in a biological
system as Zn?* is one of the most essential cations in catalytic
centers and structural cofactors of many Zn*'-containing
enzymes and DNA-binding proteins (e.g., transcriptions
factors).[23] Zinc is believed to be a vital factor for many
biological processes such as brain function and pathology, gene
transcription, immune function, and mammalian reproduction,
as well as some pathological processes, such as Alzheimer's
disease, epilepsy, ischemic stroke, and infantile diarrhea.[24—
26] zZn*" has a d* configuration, a spectroscopically silent
cation that was extensively studied via fluorescent
chemosensor.[27-30]

Nickel is a reasonably toxic element in the biological
system.[31] Nickel is also an essential element because of its
usage as the catalyst and in batteries, electroplating, welding,
ceramics, paint pigments, dental prostheses, and magnetic
tapes.[32] Deficiency and excess nickel can result in severe
health deterioration. It can cause nickel-eczema, cancer of the
respiratory system, acute pneumonitis, asthma, and an increase
in blood cells.[33,34] It can effects badly on blood, kidney,
respiratory, and central nervous systems.[35,36] Thus, these
metal analytes have been the primary targets of chemosensor
researchers because of their harmful effects on the ecosystem
and the human body. [37-40]

Here we have designed a chemosensor based on Eosin Y. The
xanthene unit acts as a signaling unit while 4-carbamoyl-3-
Butenoic acid as a receptor moiety that can sense Cu?, Ni?*,
Zn*" in optimized condition. Eosin dye has been extensively
used for differential staining of connective tissue and cytoplasm
and stains in pink-orange color —well known in
histology.[41,42] Eosin Y absorbs green light and shows a
characteristic peak at 532nm in UV-Visible absorption
spectroscopy with a molar extinction coefficient of 1.10x10° M-
Yem™.[43,44] Eosin Y had been applied in various visible light
photocatalysts in organic syntheses such as reductive
dehalogenation, desulfonylation, and deoxygenation, oxidation

of benzyl alcohol, carbonylation of arene diazonium salt, and
many others.[45-52] Eosin Y-based chemosensor will add a
wing to its enormous applicability in the chemical and
biological samples.

Our work in this area has focused on optical methods and has
explored a chemosensor system (EYH) based on the concept of
intramolecular charge transfer (ICT). In this work, we report the
design and synthesis of a novel eosin-based chemosensor
(EYM) through the reaction of Eosin hydrazide and maleic
anhydride for the detection of metal ions in aqueous media. In
this respect, the EYM was investigated and observed to exhibit
highly selective colorimetric and fluorescence sensing abilities
for Cu*" and Zn®*, respectively. The optical properties were
investigated using UV-Vis and fluorescence analyses in organic
solvent and aqueous media to determine the colorimetric
response of EYM for Cu?* for various applications, such as
molecular encryption system, paper and silica-based sensor, and
recovery of analyte in practical samples.

2. Experimental section

2.1. Synthesis of EYH

The Eosin hydrazide was synthesized from parent molecule
Eosin Y via condensation reaction with hydrazine. The
hydrazine was taken in hydrazine hydrate (NH-NH,. H,0)
form and used in the reaction in specific conditions (solvent:
Dichloromethane (DCM) or Chloroform (CHCI3); Reflux at
40°C for DCM and 60°C for chloroform). 100mg of Eosin Y
(molecular weight: 691.85gm/mol) was taken in a round bottom
flask. An excess of hydrazine hydrate (molecular weight:
50.06gm/mol, 20 equivalence, 140uL) was slowly added to the
reaction mixture containing 5mL of solvent. The resultant
mixture was then left out overnight with continuous stirring and
refluxing. A white precipitate would form after keeping
overnight which would be clearly visible by the naked eye. The
resultant precipitate was washed thoroughly with 100mL of
water and allowed to dry in the oven completely. The resulting
white precipitate was weighed and found to be a 68.5% (65 mg)
yield. The structure was characterized by *H-NMR, *C NMR,
and ESI mass spectra Figure S11, S12, S13.

2.2. Synthesis of EYM

The EYM was synthesized using EYH and Maleic anhydride
Scheme 1. First, maleic anhydride (21mg, 2 equiv) was
solubilized in DCM then slowly added to the reaction mixture,
which contains EYH (70mg) in DCM (5ml) solvent. The
addition was done while stirring. After the completion of
mixing, 1% DMF was added and allowed to reflux overnight.
The resultant mixture was washed and recrystallized with cold
methanol. The yield of the final product (EYM) was 24mg
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(29.86%). 1H NMR, Mass spectrometry, characterized the

compound Figure S1, S2.
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Scheme 1: Synthetic procedure of EYM.
2.3. Time-resolved fluorescence measurement

Fluorescence  lifetime or  time-resolved  fluorescence
measurement was carried out using time-correlated single-
photon counting (TCSPC) setup from a Hamamatsu MCP
photomultiplier (R2 3809U-50). The 509 nm pico-second laser
was used as an excitation source for the lifetime measurements.
The photon count was set up to 10,000. The instrument
response function (IRF) was measured using a dilute suspension
of Ludox (Sigma Aldrich) before starting the measurement. The
emission polarizer was fixed at a magic angle (54.7°) with
respect to the excitation polarizer. The bi-exponential decay was
determined by using the deconvolution method in supplied
software DAS v6.2. The fitting parameter (chi-square value
(%)) is considered in the range from 0.9-1.2. Lifetime
measurement by TCSPC was performed at room temperature
(298 K). The fitting was done by using formula N(t) = C,+N, e
" (monoexponential function for free CuSO,, EYM) while for
EYM+Cu?" biexponential function was used where the fitting
formula was [N(t) = C,+N; e ' +N, e T, ] which then
averaged out for calculating the lifetime.

2.4. Analytical procedure and Calculations

The stock solution of EYM was prepared in DMSO solvent
while the metal analytes stock solution of 10mM was prepared
in Water-Ethanol solvent. For colorimetric measurements, the
volume inside the quartz cuvette (1 cm path length) was fixed at
800uL, while for fluorometric measurements, the volume inside
the quartz cuvette (1 cm pathlength) was set at 2mL. The
association constant was calculated using the modified Benesi-
Hilderbrand equation.

L(Cu*)n

L +nCu?t =—=

A—Amin _ [LCu?*], _ [LCu?*],
Amax A [[LCu2*], _ —[LCu2*],] ~ [Lo—[LCu2*],]

k[(Cu?*),]"

Nmax

Anin is the absorbance of the probe without analyte, Ay is the
absorbance of a probe in the presence of an excess of analyte
and while A is the absorbance of probe in presence of Cu?

analyte. In the presence of excess of Cu®* analyte
[LCu**],,,. ., is almost equal to L,. Using this approximation in
equation 1:
A-Amin
m = K[(Cu2+)o]n ................................. (2)
logA 28— Jog{K[(CU*)o]™} oo 3)

A-Amin _ 2+
log—"4 = log(k) + nlog[(Cu®)o].eeoeevvnennnn 4

For 1:2 stochiometry where n=2, the equation obtained:

A-Amin

log=—=2 = log(k) + 2.log[(Cu®*)o] ..o %)

Or in linear form (Here, n=2),

1 1 1
(A-Ao0) ~ {K(Amax-Ao) [Cu?*]2} = [Amax—Ao]

Equation 6 is further used to predict the association constant
for the 1:2 stochiometry binding model.

The Limit of Detection was calculated using the formula 3{

where o (sigma) is the standard deviation of the blank sample
while k is the calibration plot slope.

2.5. Procedure for paper and silica-based sensor

Analytes CuSO, and ZnSO, were dissolved in methanol to
make a 1mM solution in which filter papers were incubated for
2 minutes. After incubation, these papers were dried in an oven
for 2 minutes, which gives the inoculated papers. The resultant
paper was inked with EYM solution. The resulting papers were
allowed to dry in the air for 1 minute to observe the color
change. For the silica gel-based sensor, silica plates were
incubated in the above analyte solution. The resultant plates
were dried in air for 5 minutes and then allowed to ink with
1mM solution of EYH. The plates were allowed to dry in the
oven for 5 minutes to observe fluorescent and color change.

3. Result and discussions

3.1. Coloromteric sensing of EYM
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Figure 1: (a) Absorbance response for EYM (2uM) in the presence of analytes of 100uM in DMSO solvent. (b) Absorbance response for EYM
(2uM) in the presence of analytes of 100uM in DMSO: H,0 (9:1) solvent. (c) Absorbance response in spectral form for EYM (5uM) in the presence
of analytes of 100uM. Only Cu®" shows a significant absorbance signal in solvent system DMSO.H,O (8:2). (d) Real pictures of vials having
analytes (Fe**, Zn?*, V¥, Na*, AI**, Cu*, Hg*") and EYM in solvent system given in (a), (b), and (c). (¢) Absorption response of EYM in the
presence of copper where time is the variable entity. The concentration of EYM was 5uM, and Cu®" was 200uM. The individual point is the highest
peak of absorbance signal from its spectra. (f) Effect of EDTA (quencher) on absorbance signal response by EYM in the presence of Cu®. The
concentration of EYM was taken as 2uM and concentration of Cu* and EDTA was 100uM. The reversibility cycle was successfully repeated 4
times in solvent system DMSO: H,0 (8:2). (g) Job's method analysis for EYM- Cu®* complexation. The total concentration was fixed at 20uM in
solvent system DMSO: H,0 (8:2). (h) Absorbance spectra for EYM (5uM) in the presence of Cu?* in solvent system DMSO.H.0 (8:2). The Cu®
concentration varies from OuM to 87uM. (i) Linear and saturation plot for the absorbance at respective Ama. (j) Plot between 1/ (A-Ao) and

1/[Cu?"]? fitted with the linear relationship of Benesi-Hildebrand equation.

EYM was synthesized using the addition of maleic anhydride dipole alignment, and other factors. To study the effect on the

with Eosin hydrazine. The EYM is a non-fluorescent compound
and has no absorption in the visible region. Density functional
theory (DFT) calculations were employed to elucidate the most
stable form of EYM. The HUMO-LUMO molecular orbital
shows a clear shift of electron density from xanthene unit
(HOMO) to 4-carbamoyl-3-Butenoic acid moiety (LUMO)
Table S1. The HOMO-LUMO gap was calculated to 3.90eV,
which corresponds to a 320nm absorbance peak in the UV-Vis
spectroscopy Figure S3. The colorimetric response of probe
EYM was studied based on solvent-solute interaction. It has
been already known that solvent plays a critical role in
chemosensor coordination with analytes due to solubility,

interaction of EYM with Cu?", we chose a series of organic
solvent and aqueous buffers that are DMF, DMSO, Acetonitrile,
Ethanol, Water, Methanol, HEPES Buffer (10mM pH-7.4;
100mM pH-7.4), NaPi Buffer (10mM, pH-7.4), and TRIS
Buffer (10mM, pH-7.4). It was found that the solubility factor
in organic solvents dominates the behavior of EYM since the
absorbance intensity is highest in DMF and DMSO Figure 1e.
The EYM is highly soluble in DMSO and DMF, which may
facilitate the coordination of Cu® binding with EYM, which
results in the opening of the spirolacatam ring. In buffers,
HEPES (100mM, pH-7.4) shows the highest absorbance
increment, which is comparable to DMSO and DMF solvent.
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Since HEPES contains coordinating atoms O, N, and S, which
may have facilitated the EYM-Cu?* complexation. The
saturation time of complexation in DMSO is ~1-2 sec, which
gives a significant advantage over other Cu?* based colorimetric
sensors. Thus, the DMSO reaction system was chosen for
further study via colorimetric assay of EYM.

Specificity or selectivity is a major application for the
chemosensor and in its development. In pursuance of qualitative
and quantitative analyte analysis in real-life samples by probe
EYM, it needs to give a specific response to a particular
analyte. To study the EYM behavior in complexation, we take
the DMSO solvent system and screen with 18 different
analytes-AP*, V¥, Na*, K*, Fe®*, Mg?, Ca?*, Fe?", Co?", Zn?,
Cd*, Hg*, Mn*, Co®, Pb*, Cu®*, Pd**, and V**. In DMSO
(100%) solvent, EYM gives colorimetric response to three
analytes Cu®", Zn*, and Ni*, while it shows no response to
other analytes Figure la. The absorbance intensity for three
analytes has a similar value for EYM (2uM), while the analyte's
concentration is 100uM. The DMSO system's result shows
EYM as multifunctional sensor, but it changes its specificity
toward analytes in the presence of co-solvent. Here we induce
H,0 as a co-solvent in the DMSO reaction system in 9:1 v/v %
proportion, the absorbance intensity of Ni?* diminishes
significantly while the Cu?* signal does not change at all Figure
1b. Now the significant absorbance intensity comes from Cu?*
and Zn®* while for others, the absorbance intensity is negligible
to none, making EYM a bi-functional sensor for Cu?* and Zn?".
For solvent system (8:2 v/v %) of DMSO: H,0, we achieve the
specificity for Cu®, showing abnormal absorbance
enhancement Figure 1c due to complexation while it shows no
signal for other analytes for EYM (5uM) in the presence of
100uM of analytes Figure 1d.

To establish if the chemosensor has a reversible or non-
reversible binding with Cu?*, we use a strong chelator for
guenching Cu?" from the reaction system. The experiment was
carried out with EYM (2uM) in the presence of 100uM of Cu?"
and 100uM EDTA was added alternatively to observe the
increment and decrement of absorbance intensity. Figure 1f
clearly showed the ~100% reversibility and was able to carry
out at least 4 cycles with close to complete reversibility. The
absorbance signal's on-off can only be explained by the fact that
EDTA? de metallates the Cu®* ions from EYM-Cu?" solutions.
Thus it ticks the reversibility criteria to be the ideal receptor for
Cu?". The inference study was done in solvent system DMSO:
H,O (4:1) with EYM of 4uM and analytes of concentration
40uM. Among all the analytes, AI** shows a significant
interference by quenching the absorption response of EYM
Figure 2. The same analyte was also confirmed to show
interference in Hepes buffer (ph-7.4, 100mM) but with less
impact on response signal Figure S6.

To understand the binding mechanism, one of the prerequisites
is to know the binding stoichiometric ratio. For this purpose, we
perform the Job's analysis with EYM and Cu?* in solvent
system DMSO: H,O (4:1), where the total concentration was
fixed at 20uM. The result showed in Figure 1g shows a clear
picture of the 1:2 (Ligand: Metal) binding ratio. Multiple metal-
binding site presence may be the reason for immediate detection
or less saturation time. Based on the 1:2 binding stoichiometry
model, the association constant and Limit of Detection were
calculated using the Benesi-Hildebrand equation and 3o/k,
respectively. The association constant of EYM- Cu?" in DMSO:
H,O (4:1 viv %) solvent system was calculated to be (6.01-
5.95)x 10° M Figure 1h, 1i, 1j and in HEPES buffer, 1200mM,
pH-7.4 it was calculated to be (2.96-3.05)x10° M™ Figure S4,
S5.  The detection limit was estimated to be 78.5nM and
1.73uM for DMSO: H,0 (4:1) and HEPES Buffer, respectively.
The high association constant is concurrent with the fact of the
presence of multiple sites. The Limit of Detection also suggests
that it can detect the sub-micromolar concentration of Cu®* in
practical samples.

Since rhodamine and coumarin-based chemosensor had been
reported as a pH sensor combined with a sensor for analytes as
chemosensor itself, it loses its integrity in acidic or basic pH. To
study the response of EYM in the presence of variable H*/OH"
concentration, the absorbance intensity was monitored w.r.to
different pH scales in two different samples: EYM (2uM) in the
absence of analyte and EYM (2uM) in the presence of Cu®'
(100uM). The pH scale was varied from 1.25 to 12.36 pH using
HEPES solution (100mM): DMSO (9:1). As shown in Figure 3,
EYM is stable throughout the entire pH range, while EYM
complexation with Cu®* was seen in 5-9 pH range while it
shows negligible absorbance signal beyond this pH pocket. The
maxima of absorbance signal ~7-8 pH unit range. Thus, pH 7.4
was chosen to study EYM complexation in an aqueous buffer.

[ Absorbance of analyte|
[ Absorbance of Cu?*

Absorbance

Na(l) K(I) Hg(ll) AI(ll) Mg(ll) Mn(il) Sn(ll) Pb(ll) Cd(ll) Ca(ll) Fe(ll) Co(ll) V(IV) Ni(ll) Zn(ll) Cu(ll)

Analyte

Figure 2: Absorption response of EYM (4uM) in the presence of Cu®*
(40uM) and analytes (40uM) in solvent system DMSO: H20 (4:1v/v).
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Figure 3: Effect of pH on EYM complexation with copper. The
solution used here was HEPES (100mM): DMSO (9:1). The

concentration of EYM is 2uM, and the concentration of Cu?* is 100uM.

3.2. Fluorescence response of EYM

The EYM has been optimized for colorimetric assay, where it
has shown the specificity of Cu?* in DMSO with co-solvent
water. It also showed a rare conversion of a mono-bi-tri
functional sensor for zn?* and Ni®" which indicates the
potential usage of EYM in diverse conditions. To study the
fluorescence response of EYM, we screen EYM with different
analytes and record the fluorescence response in DMSO
solvent, as shown in Figure 4a. It clearly shows the abnormal
enhancement specific for Zn?" in all 18 analytes. For Cu?* and
Ni%*, EYM does not show any change in response signal, which
may be due to its paramagnetic nature. The reversibility was
also checked for the EYM-Zn?* complexation upon adding
EDTA Figure 4c. We were able to complete 3 cycles with
almost 100% absorbance recovery. The Job's analysis shows the
1:2 stochiometric binding between EYM and Zn?* Figure 4b.
We estimated the association constant and detection limit via
fluorescence titration of EYM with Zn?*. Association constant
was calculated to be (2.25-2.29)x10®M™ while the measured
detection limit was 79nM for EYM-Zn?" in DMSO solvent
Figure 4d, 4e, 4f. We had analyzed the specificity of EYM
towards Zn®*, but the question is whether Cu?* shows
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fluorescence enhancement or quenching with respect to solvent.
This study's parameter is the F/Fo value; here, F belongs to the
fluorescence intensity of EYM in the presence of Cu®*, while Fo
is the value of EYM in the absence of Cu*. The solvent chosen
for this purpose is a mixture of organic solvents and an aqueous
buffer. Table S2 suggests that solvent plays a major role as
Cu?* shows strong paramagnetic quenching in DMF, while it
shows fluorescence enhancement in methanol and ethanol. The
parameter F/Fo may only give the relative comparison, but to
observe the propensity of quenching and enhancement, we
should compare the F.l,.. In Figure S7, the quenching in DMF
solvent is much intense than any other turn-on or turn-off in
solvents. This observation indicates that the non-fluorescence
EYM changes to fluorescence state in DMF solvent by spiro
ring opening. After coordination of Cu®* with receptor site, the
paramagnetic quenching takes place, resulting in a decrement in
fluroscence signal while no absorbance change was recorded.
Thus EYM can act as a sensor for DMF solvent via
fluorescence enhancement.

3.3. Lifetime studies of EYM sensing

To understand the mechanism and effect of analyte's presence in
EYM solution, we measured the lifetime of EYM in the
presence and absence of analyte. First, we analyze the findings
of EYM for colorimetric assay, which suggests EYM shows
turn-on for cu* in DMSO: H,0O (4:1) solvent, but fluorescence
study tells us that there is no significant enhancement in the
above solvent. The findings from lifetime spectra reveal the
same as EYM has 3 ns lifetime while adding the excess Cu? in
DMSO: H20 (4:1) solvent the lifetime significantly reduces to
0.15 ns Figure 4g, S8. After opening the spirolactam ring, the
new compound form shows no fluorescence on interaction with
Cu* due to its paramagnetic quenching. The fluorescence study
also tells us that there is a change in the structural property of
EYM in DMF solvent and has fluorescence quenching upon
interaction with Cu®. In Figure 4h, S9, EYM has a lifetime of
0.51ns. In contrast, this lifetime shows significant decrement
upon addition of Cu?* to 0.12 ns which suggests that there is
indeed fluorescence quenching.

As EYM has been found to show specific abnormal
fluorescence increment in the presence of Zn* in DMSO
solvent, this finding should be concurrent with lifetime
measurement. From Figure 4h, the EYM shows 0.64 ns in the
DMSO solvent system, while the addition of excess Zn2+
increases the lifetime to 1ns, indicating the formation of a high
fluorescence compound. The above result is consistent with the
spirolactam ring-opening in EYM on coordination with Zn*
and paramagnetic quenching of Cu?*.

4. Binding mechanism of EYM

The binding mechanism for EYM in the presence of Cu?* was
studied. As already discussed, Job's plot analysis gives a 1:2
binding ratio between host and guest in DMSO-H,O (4:1)
solvent system. The color reaction of EYM with Cu® is
attributed to the ring-opening of the spirolactam structure
promoted by Cu?" complexation. However, the reaction system
hardly shows any fluorescence. Considering all, the color
response of EYM with Cu?* can be explained via scheme 2.
The hydrazide and carboxyl groups in EYM produce a
cooperation effect, leading to the 1:2 complex formations. The
two Cu®" ions in the complex may play a very different role: one
induces the opening of the spirolactam structure, and the other
quenches the fluorescence of the xanthene moiety. The binding
of Cu®" was studied with the help of FT-IR spectroscopy. Upon
addition of Cu®* in EYM solution, the 1663cm™ band shifted to
1645cm™ which corresponds to C=0 groups, while the 1023cm’
! band shifted to 1010cm™ which corresponds to C-N group
Figure 5. The shift to the lower wavelength is due to a
decrement in electron density which suggests that the functional
group participates in coordination with Cu®".

Scheme 2: Binding mechanism of Cu®* with EYM according to 1:2
stoichiometric ratios.
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Figure 5: Binding study using FT-IR spectroscopy of EYM in presence
and absence of Cu® using (ATR) as an additional accessory unit. In IR,
black color belongs to the complex of EYH with Cu?" while red color
belongs to EYH in the absence of Cu®".




5. Application of EYM
5.1. Application in practical samples

To test the applicability in practical samples, the EYM sensor
was applied to drinking water sample Figure S10A and
buffered human serum albumin samples Figure S10C as it has
been reported that Cu®* ions in human blood are found to be
bounded with mainly two proteins: human serum albumin
(HSA) and ceruloplasmin (CP).[53-56] Further, it was applied
in industrially made sanitizer with Cu®* spiked concentration to
recognize its industrial needs Figure S10B. The above Cu?*
spiked samples' concentration was analyzed by the proposed
method using the calibration plot in Type 1 water under
optimized conditions. The samples were prepared using DMSO
as co-solvent for drinking water and industrial product sample,
while the BHSA sample was prepared in Hepes buffer (100mM,
pH-7.4). The recovery percentage was found to be in range of
(90-103) % for drinking water and industrialized product
samples, while the recovery percentage was (101-122) % for
BHSA samples, indicating the interaction of Cu®* with HAS
Table 1. To further study we observe the absorption response
with varying concentrations of HSA in solution mixture having
an excess of Cu®*". We found a decrement in absorbance signal
as the concentration of HSA increases but it became steady for a
higher concentration of HSA Figure S10D. This shows that the
concentration of HSA affects the kinetics of EYM-Cu?*
complexation but doesn't show abnormal increment/decrement
in absorbance signal.

5.2. Application in molecular logic gates

Simple molecular Boolean logic gates can be integrated to
obtain more complicated combinational molecular gates,
allowing a single molecule to process complex operations.
Utilizing previous observations, EYM can form a complex and
efficient logic gate as it can switch sensitivity based on solvent.
Thus, we designed a molecular-logic gate where the inputs
include zn*, Cu®*, Ni?*, DMSO and H20 and output is a
simple color on/off.

In Figure 6a, we first designed logic gate for analyte Cu?
which give rise in absorbance intensity in all three different
solvent system. With input 1 for Cu?*, the output should be
color on (1) in (DMSO; DMSO-H,0 8:2; DMSO-H,0 9:1)
while for Ni?* with input 1, the output 1 should be in Color ON
(DMSO) while it should give output O for other two solvents
Figure 6b. Similarly, with analyte Zn*" input 1 should have
output 1 in two solvents (DMSO, DMSO-H,0 9:1) while it
should give 0 output in DMSO: H,0 (8:2) Figure 6c. To satisfy

these condition we use a combination of AND, OR and NOT
gate. By running Zn?" and Ni?" in negative logic mode and
combining with Cu®" in AND gate we create a positive output
specifically for Cu** in DMSO:H,0 (8:2) solvent system. Same
method we use to create a positive logic mode for Cu?*and Zn?*
by putting Ni*" in negative mode and combining individual gate
by AND gate to give output-color on. Previous observation
suggests that the EYM shows a fluorescent turn-on sensor for
Zn?" while there is no change in fluorescence in Ni** and Cu?
in DMSO solvent system. To develop password-protected
molecular encryption we employed four input modes include
Ni%*, Cu?*, Zn*, and DMSO, where positive results only come
from input 1 for DMSO and Zn?* while any other combination
will give the negative output. As shown in Figure 6f, 6g, the
combination 1101 does not give any output while 0011 gives
the positive output. There can be 16 combinations of binary
code and one holds true, which can be potentially used as a
molecular encryption system.

5.3. Application in paper and silica-based sensor

To investigate the further potential application of designed
sensor EYH, paper and silica-based strips were prepared for
rapid in-field and on-spot detection of Cu?* and Zn®" analyte.
For this purpose, 1ImM of analyte was incorporated into filter
papers using DMSO as solvent. The resultant inoculated paper
was allowed to dry in the oven and then applied with EYM
concentration of 1mM. As speculated, an apparent visible color
change from colorless to pink appeared immediately in few
seconds. For Zn**, the color change was accompanied with
orange fluorescence Figure 6e. Furthermore, the EYM was also
employed with a silica-based strip performed via the same
upper method. A significant visible color change was seen
immediately by the naked eye, while a substantial fluorescence
change can be seen under UV light Figure 6d. The intensity of
color can be potentially employed to know the concentration of
Cu® or zn*".

Sample Cu?* Cu® recovered(uM)  RSD
spiked (n=3)
(um)
Buffered 2 2.02(101.2%) 0.5%
Serum 5 6.12(122.5%) 2.1%
albumin® 40 45.08(112.7%) 6.2%
60 64.86(108.1%) 2.1%
Drinking 2 2.07(103.5%) 1.2%
Water® 5 4.67(93.5%) 0.8%
10 9.31(93.1%) 2.1%
Industrial 2 1.78(89.1%) 0.6%
sanitizer® 5 4.51(90.2%) 0.3%
10 10.2(102%) 0.2%

A: Human serum albumin (5mg) was dissolved in 10mM Tris-HCI
buffer of pH=7.4 to make a final concentration of 75uM.

B: Water filtered from (RO+UV+TDS controlled) purifier.

C: Synthesized using WHO protocol with reagents Isopropyl alcohol
99.8%, Hydrogen peroxide 3%, Glycerol 98%, and distilled water to
make up the volume.

Table 1: Comparison of the results for Cu®" detection in samples.
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Figure 6: (a) Logic circuit for colorimetric response of EYM having output as color on/off in different solvent systems. Circuit display output when

Cu®, DMSO, and H,O present in system. (b) Logic circuit when inp

ut 1 was given for Zn?*, DMSO, H,0. (c) Logic circuit displays output in the

presence of Ni?*, DMSO, and H.0. (d) Colorimetry and fluroscence response of EYM on analyte inoculated silica embedded strips in the presence

of ImM EYM and 1mM (Cu?, Zn?"). (e) Colorimetry and fluroscen

ce response of EYM on analyte inoculated whatman filter paper strips in the

presence of 1mM EYM and 1mM (Cu?, Zn?"). Inset Figures from left to right: White light image, Fluorescence image in 365nm and 254nm. (f)
Logic circuit for colorimetric response of EYM having output as fluorescent-turn on in DMSO solvent system. Circuit display output a positive
output for Zn?* and DMSO presence in system (g) Logic circuit displaying a negative output when Cu?" and DMSO present in system.

6. Conclusion

In summary, we successfully synthesized the novel eosin
derivative EYM via the addition reaction between eosin
hydrazide and maleic anhydride. We developed a
multifunctional colorimetric, fluorescent and reversible EYM
chemosensor that exhibited prominent absorption enhancements
(at max = 540 nm) upon the addition of Cu®", with particular
selectivity and sensitivity in the DMSO: H,O (4:1 viv %)
solvent system. In addition, this sensor exhibited significant
"off-on" fluorescence (at max = 559nm), accompanied by a
color change from colorless to yellow fluorescence upon
binding to Zn* in DMSO solvent system. Based on the
coordination of EYMwith Cu?/Zn? in a 1:2 stoichiometric
ratio, we proposed ring-opening reaction mechanisms. In this
study, the detection limits of the chemosensor for Cu?and zZn*
is the same ~79nm. The EYM showed switchable selectivity
and was demonstrated via UV-Vis spectroscopy where it
switches between trifunctional (Cu?, Zn?*, and Ni**) in DMSO
solvent to bifunctional (Cu®* and Zn?*) in DMSO: H,O (9:1
vIv%) solvent to monofunctional sensing for Cu2+ in DMSO:
H,0 (8:2 v/v %) solvent system. In application studies, such as
sensing of Cu®" in practical samples, molecular encryption
system, and on-time detection via paper and silica-adsorbed
sensor, EYM exhibited considerable potential as a material to

be used in the fields of biological monitoring and lab-on-a-chip
tools. The proposed probe offers the advantages of a rapid,
straightforward synthesis. This phenomenon enabled the real-
time, simple, naked-eye detection of Cu?*/Zn*. We believe that
EYM can find a potential application in chemical, biological
and environmental purposes.
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