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Functionalization of ferrocenyl hydrazone with rhodamine based tag using solid state synthetic method
led to the formation of molecules containing both, fluorescent active and electroactive fragments, [(n°-
CsHs)Fe{(1°-CsH4)C(R)=NNC(0)-X}] (R = CH3, H; X = Rhodamine-6G). The molecules showed selective
metal ion sensing and switching behavior with distinct interaction and influence from the organome-
tallic fragment. The sensing behavior was explored within bacterial strain and THP-1 cancer cell lines to

understand the subcellular distribution of heavy metal ions and their potential in applications related to
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behavior upon oxidation.

bioimaging, uptake and bioremediation activities. The study showed significant intracellular metal
recognition and bioaccumulation characteristics and understanding towards ferrocene based signaling

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recently, considerable attention has been focused on the fabri-
cation of devices in the molecular level for applications related to
molecular electronics, bio-imaging, molecular machines, switching
devices etc. [1] Integrating molecular compounds with photo-
chromic functional moieties for the design of multifunctional
photo-responsive materials have been widely used for their po-
tential in several areas ranging from molecular optical switches,
opto-electronic devices, logic gates to photo-biology [2,3]. Over the
years, organometallic molecular systems have shown unique fluo-
rescent properties and induced switching behavior using external
stimuli which led to the development of fluorescence based sensors
and molecular switches [3]. Among a range of organometallic
species, ferrocenyl system plays a vital role as a remarkable redox
signaling unit in various organometallic molecules or scaffold [4]. In
addition, various functionalization of ferrocene with biologically
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active groups and their study on different biological properties led
to the emergence of bio-organometallic chemistry, where a large
number of organometallic based compounds have been found to
display interesting biological activities [5]. Rhodamine dye based
fluorescent component has been used recently to construct “off-on”
type fluorescent chemosensors because of its exclusive structural
identity having a xanthene moiety which can be strategically
functionalized to form a heterocyclic spirolactam type ring system
attached to the xanthene ring via a carbon atom [6]. Spirolactam
frameworks are usually non-fluorescent, whereas ring opening of
the spirolactam gives rise to a strong fluorescent emission band. As
a part of our ongoing interest in using sandwich and half-sandwich
organometallic fragments for sensor based application and photo-
induced behavior [7—9,19,20], we focused our study on rhoda-
mine based sandwich organometallic moieties and exploit their
fluorescence and sensing behavior. We envisioned that the pres-
ence of an electroactive fragment and a highly emissive rhodamine
based photo-responsive component into a molecular compartment
may create a fluorescent single molecule - probe for applications
related to sensor and switching type molecular devices.

Heavy metal ion toxicity has been widely studied across various
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biological systems and are known to cause severe damage to
virtually all organs affecting mainly the central nervous system.
Recently, biological remediation technologies have been largely
studied in which microorganisms play a vital role in metal
adsorption, intracellular accumulation and bioremediation tech-
niques [10]. However, the mechanism by which these biological
systems are involved in the uptake of selective metal ions and their
detoxification is very complex and are under part of extensive
research study worldwide [11]. Several bacterial species are known
to form biofilm, which are organized group of cells clumped
together within a self-produced hydrated matrix or EPS and trig-
gers bioremediation of heavy metal ions with pronounced metal
binding and complexation potential [12]. Therefore, a convenient
and facile method for visualizing the concentration and subcellular
distribution of heavy metal ions in biological samples has an
important consequence in several biological studies. Conventional
methods use AAS and ICPMS, which are highly expensive in-
struments and requires tedious analytic methods to be used in
effective detection of heavy metal ions like Hg?"* in biological
samples [13]. In contrast, fluorescent bioimaging technique with
suitable molecular scaffold has been very effective and provides
systematic analysis of metal ions without cell damage [14]. But, the
design of such molecular sensors for sensitive and selective
detection of environmentally and biologically important ionic
species has been a challenge due to the poor accumulation of the
receptor in the intracellular matrix. Thus, it is very important to
design effective and benign sensors for the in-vitro detection of
Hg?* with sufficiently high bioaccumulation of the receptor in the
cellular environment. We have, recently, explored the use of
organometallic scaffold attached to fluorescent active moieties to
study the selective interaction of Hg?>* and Pb%** ions and their
capacity for sensing inside bacterial and cancer cell lines [7a,7c]. To
understand the potential of various other organometallic fragments
as receptor unit and to focus our study on the selective interaction
with heavy metal ions and imaging within intracellular matrix, we
have described in this report, the synthesis of fluorescent active
ferrocenyl hydrazone compounds and observed their distinctive
sensing and redox based switching properties. However, to achieve
such molecular system we chose to use a novel solid state reaction
method that can provide mild reaction condition, easy separation
procedure and increased yield. Inorganic support plays an impor-
tant role in chemical synthesis and also attracted much attention
due to their ability to perform difficult reactions [15,16]. Solid state,
solvent free reactions using organic substrates are widely used for
improved product synthesis, while solid supported reactions
involving organometallic fragments have been rarely studied
[17,18]. As a part of our study to understand the wider scope of solid
supported reaction, we recently identified Rice Husk Silica (RHA) as
a remarkable solid support for the synthesis of bioactive bi-
functionalized unsymmetrical ferrocenyl compounds [19,20]. In
the present study, we have chosen Rice husk ash (RHA) as solid
support due its high silica content and wide availability, to prepare
different ferrocene linked rhodamine hydrazone and explored their
metal interaction and redox signaling property. We have also
explored the sensing behavior inside bacterial and cancer cell lines
to understand their bioaccumulation capabilities for applications
related to bio-imaging, uptake and bioremediation activities. To our
knowledge ferrocenyl - hydrazone compounds have never been
explored for the study associated to intracellular imaging and
detection of Hg?* ion both in bacterial and cancer cell lines. Sur-
prisingly, the first article for the use of Hg(Il) sensitive fluorescent
probe for the imaging in both cancer cell and bacterial cell has been
recently reported by Pan et al. [21] using an organic compound, and
soon after, we had reported Hg?* detection using an organometallic
half-sandwich based probe for cancer cell and bacterial cell imaging

[9a]. Herein, we report the synthesis of another class of organo-
metallic based fluorescence probe to understand their metal ion
interaction capabilities and their imaging behavior within cancer
cell lines and in bacterial species. We have also described the
electrochemical properties and their potential in oxidative
switching behavior for signaling related application.

2. Results and discussion

Ferrocenyl molecules are ideal system to act as a remarkable
redox signaling unit, while rhodamine fragments are well known
fluorescent active models for various photo-responsive activities.
To achieve such molecular system containing both rhodamine and
ferrocenyl moieties, reactions was carried out with mono-
acetylferrocene  or mono-carboxaldehyde ferrocene and
rhodamine-6G-hydrazides under solvent free reaction condition
using rice husk ash (RHA) as solid support to obtain ferrocenyl
rhodamine hydrazone, [{(n’-CsHs)Fe(1°-CsH4)C(R)=NNC(0)-X}] in
high yields (Scheme 1) (R=CHs3 (1), H (2); X = Rhodamine-6G). The
compounds were isolated and purified using preparative TLC for
spectroscopic characterization. Attempts to synthesize compounds
1 using solution based acid catalyzed reaction method were not
facile as it gave very low yield of the product with increased
decomposition and impurity. In comparison, the solid state reac-
tion using rice husk ash gave remarkable yields for compounds 1
and 2 with better selectivity and easy isolation process without any
decomposition. Recently, solution based synthesis of compound 2
has been reported by Wu et al. which showed metal sensing
property.*? However, the intracellular imaging and metal detec-
tion was not evaluated. Interestingly, the synthesis of compound 1
and its metal sensing behavior, both extracellularly and intracel-
lularly, has remain unexplored as per our knowledge. Therefore, we
explored the synthesis of both 1 and 2 using our solid state method
to understand their metal sensing behavior inside different bio-
logical medium.

Compounds 1 and 2 were characterized by infrared, 'H, 1>*C NMR
and mass spectrometric analysis. Infrared spectra for compounds 1
and 2 reveal the presence of ketonic groups in the region 1708 -
1682 cm~! and peaks corresponding to —C—=N has been detected in
the region 1637 - 1607 cm~ L. 'H NMR spectra of 1 and 2 show the
presence of protons corresponding to ferrocene based unsub-
stituted cyclopentadienyl group at & 3.94 (singlet) and & 3.81
(singlet) regions, while substituted cyclopentadienyl peaks have
been found at & 4.24 (triplet), d 4.51 (triplet) and & 4.23 (triplet),
d4.51 (triplet) regions respectively. Methyl protons for compound 1
was observed at 3 1.95 and d 2.07 region due to rhodamine based
and imine based methyl groups respectively. In contrast, compound
2 shows the presence of only one peak in that region (3 1.91) cor-
responding to the methyl groups attached to xanthene ring. A
triplet and a quartet peak at d 1.30 (1), 1.34 (2) and 8 3.20 (1), 3.24
(2) respectively have been observed corresponding to the ethyl
protons present in both the molecules. In addition, aromatic pro-
tons for 1 and 2 are observed at § 6.39 - 3 8.00 and 0 6.42 — 3 8.08
regions respectively (Figs. ST and S4). 3C NMR spectra for both the
compounds (1, 2) showed peaks corresponding to methyl carbon
from & 14.07 to d 38.73 regions while cyclopentadienyl carbons at
0 67.99, 8 69.06, & 70.01, 3 79.14 regions and d 68.21, 869.54, 5 70.21
and 9 81.63 for compounds 1 and 2 respectively. Aromatic carbons
have been observed at d 96.69 - 3160.25 regions, while peaks at
0 152.37 and & 160.25 may be assigned to —C=N for 1 and 2
respectively. Ketonic carbon peak was found at & 164.66 and
0 172.06 for 1 and 2 respectively (Figs. S2 and S5). Mass spectral
analysis for 1 and 2 showed the characteristic molecular ion peak,
[M+1]" at m/z 639.56 and 625.36 respectively.

Absorption spectral data of 1 shows the presence of very weak
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Scheme 1. Synthesis of 1 and 2 (RHA: Rice husk ash).

lower energy bands at 523 nm and 491 nm regions, while moderate
to strong intensity bands were observed at high energy regions at
341 nm, 302 nm, 260 nm and 230 nm regions. Compound 2 also
shows similar pattern bands at 551 nm, 351 nm, 310nm and
274 nm regions. Fluorescence spectroscopic analysis of 1 reveals
that on excitation at 510 nm region, the compound shows very
weak intensity emission band at 541 nm region. The weak fluo-
rescence has been predicted due to the formation of five membered
spirolactam ring in compound 1. Compound 2 also shows weak
emission spectra at 543 nm on excitation at 500 nm wavelength
due to similar reason.

Our previous report reveals that spirolactam rings are usually
colorless and non-fluorescent but are very much susceptible to
acidic species and are known to break in presence of H" ion and
selected metal ions [9] resulting in the change in solution color and
observation of strong fluorescence response. We anticipated that
metal ion recognition behavior for this system might also be
interesting and could lead to new observations where the organ-
ometallic fragment may have some influence on the binding
property. Thus, a series of metal perchlorate salts, Na*, K*, Mg?™,
C32+, Ba2+' MH2+, Ni2+' C02+, Cd2+, Zl’l2+, F€2+, Pb2+' Cu2+‘ Al3+ Ag+
and Hg?* were used to study the metal ion recognition behavior of
compounds 1 and 2. The UV—Visible absorption studies have been
performed using a C;HsOH/PBS buffer (2:8, v/v, pH 7.4) solution.
The UV—Visible spectra of 1 and 2 showed absorption maxima in
the range of 210 nm—320 nm due to intramolecular T—m* charge
transfer transitions. No absorption peak was observed in the visible
wavelength region above 400 nm, which indicates that both the
receptors exist in a spirocyclic form in solution. The UV—Visible
spectral based metal binding properties of 1, 2 were examined
through a titration experiment using different metal perchlorate
salts. With the addition of Hg?*, a new absorption peak emerged at
528 nm and 531 nm, for compounds 1 and 2 respectively which was
in accordance with the typical absorption wavelength of ring-open
form of the attached rhodamine group. The intensity of absorption
increased along with the increasing concentration of Hg?* in a good
linear relationship (Figs. S10 and S11). Highly selective Hg?*
recognition behavior has been observed for compound 1, while for
compounds 2, Pb?* also showed slight increase in absorption in-
tensity whereas the other metal ions like Nat, K*, Mg?*, Ca®*, Ba®*,
Mn?*, Ni?*, Co?*, Cd** and Zn** showed insignificant response in
the absorption peak for both the receptors (Figs. S7 and S8). The
quantum yield (¢r) determination revealed the increase in ¢r from
0.003 for the free receptor 2 to that of 0.35 for the Hg?" interacted
solution, while the quantum yield for the free receptor 1 is 0.007
which changes to that of 0.4 on addition of Hg*" in solution.
Additionally, the ratio-relationship between [2.Hg?*] and [1.Hg?*]
was estimated with a Job's plot experiment as shown in Fig. S9. The
maximum value of the absorption appeared at 0.5 mol fraction,
which indicated that the stoichiometry of the 1/Hg?" and 2/Hg?*
complex was 1:1. The intensity of absorption increased along with
the increasing concentration of Hg?" in a good linear relationship
(R*=0.978 and 0.994) (Fig. S10). According to the UV—Visible

titration experiment, the graph of 1/(A — Ag) versus 1/[Hg?*] at
543 nm holds a good linear relationship with R? = 0.989. Similarly,
2/(A -Ag) versus 2/[Hg>"] at 542 nm showed R*=0.988 with a
linear graph (Fig. S11), consistent with the Job's plot result.

The weak fluorescent emission for compounds 1 and 2 centered
at 541 nm and 543 nm respectively shows highly selective increase
in the intensity of the emission peak with a distinct red shift of
around 14—16 nm on gradual addition of Hg?* cation to the buffer
solution of 1 and 2. The other metal ions like Na*, K*, Mg?*, Ca®™,
Ba’*, Mn?*, Ni**, Co?*, Cd?*, Zn?*, Fe?*, A** and Pb®" showed
insignificant response with receptor 1, while receptor 2 showed
little increase in the emission peak on gradual addition of Pb%*
(Figs. 1 and 2). This reveals that the methyl analogue (1) is highly
selective for Hg>" interaction in comparison to receptor 2.

Furthermore, the color of the solution of 1 and 2 changed
significantly after interaction with Hg?* from colorless to pink by
naked-eye observations. We propose that the sharp increase in the
emission peak for the receptors 1 and 2 by addition of respective
metal ions is because of a ring-opening process at the spirolactam
moiety mediated by metal cations. Highly selective recognition
behavior has been observed with compound 1 while, non-selective
response was observed with compound 2. This is possibly due to
the difference in the substitutional variation of the group attached
to the imine carbon, which may affect the overall interaction of the
metal ion inside the receptor pocket.

The values of fluorescence intensity were proportional to the
concentration of Hg?>" with a good linear relationship (R?> = 0.989
and 0.990) (Fig. 1(b)). The fluorescence turn-on response of 1 and 2
was in good agreement with the results of the UV—Visible titration
studies, which demonstrated that this receptor was a qualitative
and quantitative chemosensor for Hg?". The reversibility of the
sensing process between 1, 2 and Hg?* was examined by the
addition of EDTA into the interacted solution. The spectral data
revealed that addition of 1 equivalent of EDTA to [1.Hg>*] and
[2.Hg?*] systems could restore the “ON” state back to the “OFF”
state in both absorption and fluorescence spectral signals (Fig. 3).
Moreover, adding extra Hg>* to the system could once again turn
on the signals, which proved the sensing processes reversible.
Considering the spectral changes investigated above and the 1:1
binding stoichiometry confirmed by the Job's plot, the sensing
mechanism between 1, 2 and Hg?* could be speculated that the
Hg?* ion is going inside the receptor pocket and interacting with
the ketonic oxygen and imine nitrogen resulting in the rupture of
five membered spirolactam ring. The opening of the five membered
ring led to a color change and a strong fluorescence emission peak
was observed.

Thus, the Hg?* interaction gave rise to dual signaling process by
the change in their color and fluorescence behavior. The mode of
binding was supported by solid infrared spectroscopy which
showed a distinct shift of the —C=O0 stretching frequency from
1700 cm~! to 1690 cm ™! on addition of Hg?*. The formation of 1:1
(cation/receptor) stoichiometry was also confirmed by Job's plot
which shows maxima at 0.5 mol fraction.
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In order to confirm the mode of interaction, geometry optimi-
zation and DFT calculations was carried out for the free receptors,
(1, 2) and their respective Hg?* complexes, [1.Hg?*] and [2.Hg>"].
The optimization for all the systems was done using LANL2DZ basis
set at B3LYP level. On the basis of experimental observations like
absorption, emission, and cyclic voltammetric studies the binding
ratio of the complexes was found to be 1:1. Therefore, the mono-
nuclear complexes, [1.Hg?*] and [2.Hg?"], involving 1:1 interaction
between the receptor and Hg>* were optimized by DFT calcula-
tions. The optimized structures have been depicted in Fig. S14 and
Fig. S15, which reveal that both the free receptors (1, 2) contain a
ferrocene based rhodamine hydrazone unit with the presence of a
five membered spirolactam ring. In contrast, [1LHg?*] and [2.Hg?*]
shows the presence of Hg atom strongly bonded to an imine ni-
trogen (dyg n=2.332A, 2343A) and a ketonic oxygen atom
(dug-0=2.279 A, 2.291 A) and the absence of the five membered
spirolactam ring. Interestingly, the Hg ion has also been found to
strongly interact with the ferrocenyl iron and cyclopentadienyl
carbon atoms (dug—re = 2.836 A, 2.840 A; dpg_c=2.618 A, 2.621 A)
for both the complexes, [1.Hg?>"] and [2.Hg?*] resulting in slight
tilting of the ferrocenyl rings from planarity as shown in Scheme 2.
In addition, the ketonic bond has been markedly elongated from
1256 A and 1258A to dc.o=1328A and dc o=1323A for
[1.Hg?*] and [2.Hg?*] respectively. The tilting of cyclopentadienyl
rings in ferrocene is very rare and has been recently observed in a
structurally characterized ferrocenyl hydride, where the space be-
tween the two cyclopentadienyl rings opens up to accommodate a
hydride ligand [22]. In a similar fashion, [1.Hg?*] and [2.Hg?*] also
results in the opening of a space by the tilting of cyclopentadienyl
rings for the accommodation of Hg?* cation and interaction with
the iron center.

Orbital energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) and
the electronic distribution of [1.Hg?*] and [2.Hg?>'] have been
shown in Fig. 4. The HOMO of both the free receptors 1 and 2 are
mostly located on ferrocenyl fragment, while the LUMO is primarily
located on the spirolactam ring which supports the fluorescence
quenching. In the complex, [1.Hg?*], the HOMO, HOMO-1 and
HOMO-2 is spread over the ferrocene, hydrazone linkage and Hg
atom and the HOMO-3 is mainly located on the xanthene fragment.
The HOMO and HOMO-1 for complex [2.Hg?*] are concentrated on
xanthene moiety while HOMO-2 and HOMO-3 are delocalized
across the whole molecule. LUMO's of both the complexes are also
found to be spread over whole molecule (Table S2). The strong
absorbance at around 530 nm due to the interaction with Hg?* has
been assigned mainly for the transitions from HOMO-3 to LUMO in
[1.Hg>*] and HOMO to LUMO+2 in [2.Hg?>*]. The calculated data
also indicated that on binding of Hg?* with 1 and 2 the
HOMO-LUMO energy gap of the complex decreases thereby sta-
bilizing the system, which correlates with the observed red shift in

[1.Hg*]

[2.Hg*]

;:v‘
oy
22

4

HOMO (-7.4387 eV)

HOMO (-9.7882 eV)

Fig. 4. HOMO and LUMO of [1.Hg?*] and [2.Hg?*].

the fluorescence and absorption spectra.

The electrochemical properties of 1 and 2 were examined in
acetonitrile solution [0.1 M tetrabutylammonium perchlorate
(TBAP)] by cyclic voltammetry and differential pulse voltammetry
(DPV). Both the compounds 1, 2 containing a ferrocenyl moiety
linked to a hydrazone group, exhibited one reversible redox process
between +0.41 and + 0.42 V owing to the Fell/Felll redox couple
(Fig. 5). In addition, one irreversible anodic peak has also been
observed in between +0.8 V and +0.9 V due to the presence of
amide linkage in the spirolactam-rhodamine moiety (Table 1). All
the electrochemical potentials were recorded vs SCE in which the
ferrocene/ferrocenium redox couple (Fc/Fct) was observed
at + 037 V.

As a part of our interest in electrochemical signaling applica-
tions and to further understand their potential as sensor based
system, we carried out systematic cyclic voltammetric analysis of
compounds 1 and 2 by gradual addition of Hg?>* ion. The recorded
spectral data showed that on gradual addition of the metal ion, the
reversible redox anodic peak shifted to a more positive potential,
while the redox peak at +0.84 V (1) and +0.9 V (2) shifted sharply
and disappears due to the breaking of the spiro ring (Fig. 6, Fig. 7).
The color of the solution gradually turned pink during the

R=CH; (1), H (2)

R=CH;3 (1), H (2

Scheme 2. Interaction of Hg?* with receptors 1 and 2.
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Table 1
Cyclic voltammetry and Differential pulse voltammetric data.
Compounds Epa(V) Ep(V) Eq2 (V)(AE (mV)) dpv (V)
1 0.43,0.84 0.38,- 0.41 (50) 0.40, 0.83
2 0.44, 0.9 0.40,—- 0.42 (40) 0.39, 0.87

*In acetonitrile at a scan rate of 50 mv s~ . Eqj2 (V) = (Epa + Epc)/2, where Ep, and
Epcarethe anodic and cathodic peak potentials respectively. AE;, (mV) = Epa-Epc.

electrochemical experiment. Cyclic voltammetric titration of com-
pound 2 was also carried out with Pb®* ion, but the resulting anodic
peak shifting is not significant which revealed that the binding with
Pb%* is not strong enough to produce a detectable electrochemical
signal (Fig. S13).

Superior metal binding activity and the exciting redox based
signaling properties of compounds 1 and 2 prompted us to un-
derstand their underlying electron transfer behavior, particularly
on oxidation of the attached ferrocenyl moiety. Ferrocenyl
component being an electroactive species, the reversible oxidation
of the ferrocene entity may substantially influence the molecular
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Fig. 7. (a) CV and (b) DPV of 2 (black) (107> M) in CH3CN solvent on addition of Hg?*.
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property and trigger some useful electronic processes. In this re-
gard, a lot of biological processes are documented where ferrocene
oxidation plays a vital role in cell inhibition. Early literature shows
that ferrocene is non-toxic to cancer cell lines whereas ferrocenium
are highly toxic. Similarly, ferrocifens are well documented mole-
cules which are found to be activated by in situ oxidation to form a
cytotoxic quinone methide species [5b,5d—5h].

Moreover, the biological potential has been found to be suffi-
cient to oxidize the ferrocenyl system and act accordingly. This
prompted us to focus our study to understand the use of attached
ferrocenyl moiety as an electroactive agent to modulate the whole
molecular system and subsequently influence the electronic
property of the rhodamine ring at the other end of the molecule.
Our experimental observation reveals that on gradual oxidation of
ferrocene to ferrocenium ion coulometrically, compound 1 triggers
unusual increase in the fluorescence intensity as shown in Fig. 8.
The increase in the fluorescence intensity is very similar to that of
when Hg?* binding prompted the disruption of the spirolactam
ring of the rhodamine moiety. The oxidation process also led to the
change in the UV—Visible absorption peaks and color of the solu-
tion from colourless to pink. On oxidation of ferrocenyl component
a new peak at 520 nm region is generated in the UV—Visible
spectrum (Fig. S12). On the basis of this analogous behavior we
proposed an electron transfer mechanism in which on oxidation
the ferrocenyl fragment generates a ferrocenium species which
triggers interaction of the ketonic oxygen and imine nitrogen atoms
with the ferrocenyl iron center leading to the breakage of N—C bond
and disruption of the five membered spirolactam ring as shown in
Fig. 9.

The proposed mechanism has been confirmed by DFT study of
compound 1 and its oxidized species 17. DFT calculations were
performed using LANL2DZ basis set at B3LYP level on the fully
optimized structures of the compound (1) and its oxidized species
(17) in gas phase. The optimized geometry of 1, shown in Fig. 10,
reveals distinct interaction of the ketonic oxygen and the imine
nitrogen atoms of the hydrazone chain with the iron center (Fe(IIl))

Fluorescence Intensity (a.u.)

of the ferrocenyl moiety and the rupture of the five membered
spirolactam ring. Shortening of the non-bonding distances between
Fe and O(ketonic) and between Fe and N(imine) has also been
observed, while lengthening of the ketonic C—O bond from 1.256 A
to 1.328 A has been detected. In addition, the two cyclopentadienyl
rings have been observed to be slightly tilted against each other
with an angle of 19.2°, possibly due to the Fe---O and Fe---N in-
teractions in the oxidized species, 1.

NBO population analysis was performed on 1 and its le -
oxidized species, 1* to understand electron population at the iron
center. The natural electron spin population («—f) at the iron atom
in 1% species has been found to be 0.89468 which indicates that
during oxidation, one electron is released mainly from the ferro-
cenyl iron center (Table S1).

Selective binding of 1 and 2 with heavy metal ions like Hg?*
prompted us to study their potential in applications related to
fluorescence imaging inside bacterial and cancerous cells. Sensing
and uptake of metal ions by bacterial cells using their unique bio-
sorption ability have been well known [23], but the complexity by
which these prokaryotes interact with metal ions and act during
infection are poorly understood and under investigation by various
groups. However, bacterial cells have a unique technique to uptake
metal ions from waste and other sources with a control in the
concentration of the metal ion biosorption [24]. These metal ions
are also essential for microbial pathogens during infection, as they
are involved in bacterial metabolism and various virulence factor
functions [25]. In view of the huge implications of metal ion in-
teractions inside the bacterial cell we initiated our study on the use
of compound 1 as a bioimaging agent during metal ion interaction
within the bacterial cell. The fact that compound 1 on interaction
with Hg?* ions gave rise to fluorescent ON type system along with
the compound's non-toxic behavior towards bacterial cells,
prompted us to study bioimaging experiment using compound 1
with and without metal ion. We have used E. coli bacterial strain
and Hg®* metal ion for the bioimaging investigation using Confocal
Scanning Laser Microscopic study. The bacterial cells were first

T
570

Wavelength(nm)

Fig. 8. Fluorescence emission spectra of compound 1 on oxidation (5 x 10~ M).



8 S. Dewangan et al. / Journal of Organometallic Chemistry 904 (2019) 120999

Fig. 9. Ferrocenyl oxidation and interaction.

Fig. 10. Optimized structure of [17] oxidized species.

treated with compound 1 and then Hg?* metal cation was added to
the bacterial culture in different concentrations ranging from
1 ppm to 100 ppm level. Imaging using confocal fluorescence mi-
croscopy using red channel indeed revealed distinct increase in
fluorescence intensity of the bacterial cells with increasing con-
centration of the metal ions as shown in Fig. 11. It is evident that the
compound can able to penetrate the bacterial cell wall without any
damage and can be used for imaging applications. A plot between
the raw integrated density of the bacterial cell fluorescence and the
concentration of Hg?* confirms more than 30 times increase in the
density as the concentration was varied from O ppm to 100 ppm
(Fig. S16).

2.1. Cancer cell imaging study

Human monocytic/macrophage (THP-1) cell line was used to
understand the fluorescence imaging potential of compounds 1 and
2 in presence of Hg?* ion in these cancer cell lines. Before the bio-
imaging study, MTT assay was conducted to inspect the cytotoxicity
of 1 and 2 to the THP-1 cell line (Figs. S17 and S18). The assay
revealed the non-cytotoxic effect on the THP-1 cell at concentra-
tions in the range 12.5 uM—200 uM and the viability of the cell was
remained above 95%. Confocal fluorescence imaging study was
conducted using the lowermost concentration of 1-2 (12.5 uM)
with Hg?*ion concentrations of (0.5 uM) at incubation time of 0.5 h.

The CSLM imaging study of the cancer cell line with compounds
1—2 with Hg?* ion showed remarkable enhancement in fluores-
cence intensity in the subcellular level (Figs. 12 and 13). We also
observed that on nucleus staining using DAPI (Blue channel),
compounds 1, 2 showed effective accumulation inside the nucleus
(Fig. 14). The imaging results showed remarkable potential of 1 and
2 as fluorescent imaging probes for the intracellular detection of
sensitive metal ions.

2.2. BSA binding study

Compounds containing hydrazone moieties are well known to
interact with several proteins and nucleic acids. Several such
studies have been reported in recent years in which hydrazone
derivatives and their metal complexes showed strong interaction
with albumin proteins. Furthermore, the fact that the synthesized
ferrocenyl-rhodamine hydrazone compounds 1 and 2 showed se-
lective interaction with metal ions, has led to our interest in
studying the interaction with BSA protein. Bovine serum albumins
(BSA) are the most widely studied proteins due to their ability to
transport a variety of endogenous and exogenous moieties such as
steroids, drug molecules, metabolites and modulates their delivery
to cells and is usually selected for protein binding studies [26].
Therefore, to understand the protein binding activities of the fer-
rocenyl compound, BSA was used to study the tryptophan emis-
sion-quenching experiment [27]. Generally, the fluorescence of BSA
is caused by three intrinsic characteristics of the protein, namely
tryptophan, tyrosine and phenylalanine. The majority of the
intrinsic fluorescence of BSA is provided by the two tryptophan
residues, (Trp 134, Trp 213) while the other amino acid residues
contribute weakly. The fluorescence from the indole group in
tryptophan is extremely sensitive to its surrounding environment
and has been extensively used as a spectroscopic probe for the
structural and conformational changes in the protein. Variation in
the molecular environment in the vicinity of a fluorophore can be
assessed by the changes in fluorescence spectra in the presence of a
quencher which provide clues for the understanding of the binding
phenomenon [28]. In the present study, the interaction of BSA with
compounds 1 and 2 was studied by absorption and fluorescence
spectroscopy measurement at room temperature. A fixed solution
of BSA (2 puM) was titrated with various concentrations of the
compound (0—55 uM) and the fluorescence spectra were recorded
in the range of 300 nm—500 nm upon excitation at 285 nm. The
effect of the compounds on the fluorescence emission spectrum of
BSA is shown in Fig. 15 and Fig. 16. Indeed the fluorescence emission
intensities of BSA at 335 nm showed remarkable decreasing trends
with increasing concentration of the different ferrocenyl com-
pounds 1 and 2. UV—Visible spectra of BSA in buffer solution
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(d)

Fig. 11. CSLM imaging on E.coli, (a) Compound 1, (b) 1 + 1 ppm Hg?*

Control
1

Treated
1+ ng+

Merged
(Blue + Red
channel)

Fig. 12. Confocal fluorescence imaging of THP-1 cells in presence of compound 1 and Hg?*

in this figure legend, the reader is referred to the Web version of this article.)

exhibits two absorption peaks in the ranges 200 nm—240 nm and
260 nm—300 nm which is considered to be characteristic backbone
framework of the protein and it corresponds to the w—m* transition
whereas the second peak at the higher wavelength region relates to
the aromatic amino acids such as tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe) and it corresponds to the n—7* transition
[29Db]. The absorption spectra of BSA was increased by increasing

Blue channel

| - -

,(c) 1 + 5 ppm Hg?*, (d) 1 + 25 ppm Hg?*(e) 1 + 50 ppm Hg?*, (f) 1 + 100 ppm Hg?*

Red channel

(Blue channel: Nucleus staining with DAPI). (For interpretation of the references to color

concentration of 1 and 2 with red shift which might be due to the
change of the micro-environment around the peptide moieties of
BSA caused by the interaction of the compounds. The interaction
between compounds and water molecules induces the shielding of
the peptide group from the aqueous environment and makes the
energy of the w—m* transition lower, which leads to the bath-
ochromic shift [29¢,29d]. The spectral data indicates that the
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DIC

Treated
2 +Hg**

Merged
(Blue + Red
channel)

Blue channel

Red channel

Fig. 13. Confocal fluorescence imaging of THP-1 cells in presence of compound 2 and Hg?* (Blue channel: Nucleus staining with DAPI). (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

DIC

Red channel Merged

Fig. 14. Confocal fluorescence single cell imaging for compound 2 with Hg?".

Blue channel

interaction of the compound with BSA could cause conformational
changes in protein structure, leading to changes in the tryptophan
environment of BSA and suggested a definite interaction of the
compound with the BSA protein.

Fluorescence quenching data were analyzed with the Stern-
Volmer equation and Scatchard equation using corrected fluores-
cence data taking into account the effect of dilution. The Stern-
Volmer quenching constant (Ks,) of the compounds have been
calculated using the plot of Ip/I versus [Q], concentration, where Iy
and I are the emission intensity of BSA in the absence and in the
presence of the quencher (equation (1)). The Ky value obtained as a

slope from the plot of Io/I versus [Q] was found to be 4.1 x 10° and
4.94 x 10° for compounds 1 and 2 (Table 2).

Io/l = 1+ Ky [Q] (1)

Proteins may interact with molecules using Vander Waals,
electrostatic, hydrophobic and hydrogen bonding interactions. The
observed quenching of fluorescence indicates some binding in-
teractions between the compounds and suitable sites in the pro-
teins. Binding of small molecules to a set of equivalent sites on a
macromolecule can be understood by the Scatchard equation
(equation (2)) [29a]. The binding constant and the number of
binding sites (n) were obtained from the plot of log[(Ip—I)/I] vs. log
[Q] and the values are shown in Table 2. The value of n is approx-
imately equal to 1, indicating the presence of one binding site in
BSA and follows 1:1 stoichiometric interaction between the com-
pound and BSA protein [30].

log[lp—I]/1=1log Kp + n log [Q] (2)

In summary, we have explored the use of solid supported rice
husk ash (RHA) for the facile synthesis of mono and selective
functionalization of ferrocene to achieve rhodamine tagged
hydrazone compounds. This organometallic system with fluores-
cent active rhodamine moiety showed selective heavy metal ion
sensing property and effective molecular switching behavior. An
unprecedented redox switching phenomenon was also observed on
oxidation of the ferrocenyl center of compound 1 which led to an
increase in the emission and absorption intensity. DFT calculation
confirmed effective influence and interaction of the ferrocenyl
organometallic fragment for the metal sensing and redox switching
behavior. Confocal scanning laser microscopy study, performed
using E.coli bacterial strain and THP-1 cell lines, revealed distinct
uptake and sensing of heavy metal ion in the subcellular level with
different concentration of compounds 1, 2.
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Fig. 15. Fluorescence emission and UV—Visible absorption spectra for BSA-1 system (phosphate buffer, pH 7.2); Inset: Plot of Fo/F vs [Q], R? = 0.991. (Aex = 285 nm).
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Fig. 16. Fluorescence emission and UV—Visible absorption spectra for BSA-2 system (phosphate buffer, pH 7.2); Inset: Plot of Fo/F vs [Q]. (Aex =285 nm).

Table 2
Quenching constant, binding constant and no. of binding sites for BSA with compounds 1 and 2.
Compound Quenching Constant Kgy [M~'] Binding Constant Kg No: of binding sites (n)
1 411x10° 2.02 x 10° 1.0
2 4.94 % 10° 3.2789 x 10° 0.997
3. Experimental sections atmosphere prior to use. Infrared spectra were recorded on a Per-
kinElmer Spectrum 2 spectrometer as KBr pellet or CH,Cl; solution
3.1. General procedures and NMR spectra on a 400 MHz Bruker spectrometer in CDCl;3

solvent. Elemental analyses were performed on a Vario El Cube
All reactions and manipulations were carried out under an inert analyser. Mass spectra were obtained on a SQ-300 MS instrument

atmosphere of dry, pre-purified argon using standard Schlenk line operating in ESI mode. UV spectroscopy was performed in Shi-
techniques. Solvents were purified, dried and distilled under argon madzu 2700 in solution phase. Fluorescence spectroscopy was
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recorded on Horiba Spectrophotometer 4000 in solution phase. TLC
plates (20 x 20 cm, Silica gel 60 F254) were purchased from Merck.
Imaging study was done by Confocal Scanning Laser Microscopy
(CSLM) (Leica Microsystems, Hessen, Wetzlar, Germany). [(n°-
CsH4CHO)Fe(n°-CsHs)],  [Fe(n’-CsHaCHO)],  [(n>-CsH4COCH3)
Fe(n>-CsHs)], [Fe(n-CsH4COCH3),], [HoNN(H)C(O)R], (R = Rhoda-
mine-6G) were prepared by following reported procedures
[31-33].

3.2. Synthesis of [{(n’-CsHs)Fe(1°-CsH4)C(R)=NNC(0)-X} (R = CH3
(1), H (2); X=Rhodamine-6G)

In a two neck round bottomed flask 1 gm of powdered Rice Husk
Ash (RHA) was taken and Rhodamine-6G hydrazide (0.5 mmol)
with monoacetyl ferrocene (0.5 mmol) or monoaldehyde ferrocene
(0.5 mmol) was added. The mixture was stirred continuously for 8 h
at room temperature for monoaldehyde ferrocene and at 60 °C for
monoacetyl ferrocene. After the reaction, the solid mixture was
extracted in dichloromethane solvent, filtered and dried in vacuum.
The residue was then dissolved in dichloromethane and purified
using column chromatography. Rapid elution with 25%
ethylacetate:n-hexane solvent mixture afforded a pale orange
colored compounds, [{(1°-CsHs)Fe(n>-CsH4)C(R)=NNC(0)-X}]
(R=CHj3 (1), H (2); X=Rhodamine-6G). (Yields: 1: 256 mg (80%);
2: 288 mg (92%))

1 Anal. calcd. (found): C, 7147 (71.62); H, 6.00 (5.89); N, 8.77
(8.65). IR (v cm™ !, CHxCly): 1708 (s), 1637 (m), 1620 (vs), 1517
(vs). TH NMR (3, CDCl3): 1.32 (t, J = 7.2 Hz, 6H, -CH3), 1.9 (s, 6H,
-CH3), 1.99 (s, 3H, -CH3), 3.2 (q, J = 7.2 Hz, 4H, -CH>), 3.6 (s, 2H,
-NH), 3.60 (s, 5H, 1°-CsHs), 4.23 (t, ] = 2 Hz, 2H, 1°-CsH,), 4.5 (t,
J=2Hz, 2H, 1>-CsH,), 6.42 (d, 4H, -CeH3), 7.04 (t, 1H, -CsH.),
8.02 (m, 1H, -CgHa), 8.12 (s, 1H, H). 13C NMR (3, CDCl3): 14.82
(-CH3), 16.84(-CH,CH3), 18.51 (-CH3), 38.40 (-HNCH,-), 68.17 (1°-
CsHa), 68.21 (1n°-CsHa), 69.54 (1n°-CsHy), 70.21 (1°-CsH,),81.63
(n°-CsHy), 96.72 (Ar), 107.24 (Ar), 117.33 (Ar), 122.77 (Ar), 123.98
(Ar), 128.22 (Ar), 128.47 (Ar), 128.81 (Ar), 128.90 (Ar), 130.90
(Ar), 131.78 (Ar), 132.10 (Ar), 147.18 (Ar), 151.28 (Ar), 152.33 (Ar),
160.25 (-C=N), 1172.06 (-C=0). MS (ESI): m/z 639.56 (M + 1)*.
Anal. calcd. (found): C, 71.15 (71.32); H, 5.81 (5.68); N, 8.97
(8.86). IR (¥ cm™!, CH,Cly): 1683 (vs), 1637 (m), 1621 (vs), 1515
(vs). "HNMR (3, CDCl3): 1.3 (t,J = 7.2 Hz, 6H, CH3), 1.9 (s, 6H, CH3),
2.08 (s, 3H, CHs), 2.23 (s, 3H, CH3), 3.18 (q, J = 7.2 Hz, 4H, CH,),
3.55 (s, 2H, -NH), 4.27 (t, 2H, 1°-CsHa), 4.29 (t, J= 2 Hz, 2H, n°-
CsHa), 449 (t, ] = 2 Hz, 2H, 1°-CsHy), 4.61 (t, 2H, 1°-CsHy), 6.38
(s, 4H, CgH,), 7.15 (t, 1H, CgHy), 7.51 (m, 2H, CgHy), 7.96 (m, 1H,
CeHy). 3C NMR (3, CDCl3): 14.78 (-CH3), 16.85 (-CH2CH3), 18.54
(-CH3), 38.38 (-HNCH3>-), 69.68 (1°-CsHy), 71.50 (1°-CsHy), 71.99
(n°-CsHy), 73.85 (1°-CsHa), 80.34 (1°-CsHa), 82.69 (1°-CsHa),
81.15 (1°-CsHy), 96.64 (Ar), 106.90 (Ar), 117.38 (Ar), 122.81 (Ar),
124.00 (Ar), 128.29 (Ar), 131.07 (Ar), 132.36 (Ar), 147.19 (Ar),
151.63 (Ar), 152.07 (Ar), 160.40 (Ar), 170.36 (-C=N), 202.61 (-C=
0). MS (ESI): m/z 625.36 (M + 1)

[\

3.3. Bacterial culture and imaging

Bacterial strain was grown in 1ml Luria Bertani (LB) broth
(Himedia, India) and the bacterial culture was incubated for 24 h at
37°C. Solution of compound 1 (10->M) was then added to the
culture tube and incubated for 5h at 37 °C. The bacterial culture
was spread into a glass slide and dipped into the tube containing
5ml LB medium for 1h supplemented with different concentra-
tions of Hg?>*(1 ppm—100 ppm). The slides were washed two times
with phosphate buffer saline (PBS) and dried. Confocal Scanning

Laser Microscopy (CSLM) (Leica Microsystems, Hessen, Wetzlar,
Germany) was studied using the treated slides to observe the in-
ternal structure of the bacterial strain.

3.4. Cell culture, cytotoxicity assay and bioimaging studies

MTT assay was conducted to inspect the cytotoxicity of 1 and 2
to the THP-1 cell line before the bio-imaging study. 2.5 x 10% cells
were seeded per well and PMA differentiated overnight for per-
forming cell viability experiments. Next day after PMA wash, cells
were treated with different concentration of 1-2 (12.5puM-
200 uM) and kept in incubation for 72 h. At the end of the treat-
ment, 10 ul of MTT (5 mg/ml) was added to each well and incubated
at 37°C. After 2—3 h of incubation, OD was measured at 562 nm
using microplate reader (PerkinElmer, USA). The percentage of
viable cells was calculated according to the following formula:

% viability = OD of drug -treated sample/OD of untreated sample)
*100

After 72h of incubation time, the compound showed non-
cytotoxic effect on the THP-1 cell even at higher concentration i.e.
200 pM. Viability of the cell remained above 95%. Therefore, the
lowermost concentration of 1-2 (12.5 uM) has been used for im-
aging purpose. The ability of 1—2 to detect intracellular Hg?* ions in
human monocytic/macrophage (THP-1) cell line was then evalu-
ated by fluorescent imaging studies. Differentiated THP-1 cells
were grown overnight on glass cover slips at a density of 10° cells/
ml in 24 well plate. Next day, cells were washed, treated with 1-2
(12.5 uM) and kept in incubator for 1 hour at 37°C. Then, Hg?**
(0.5 uM) was added and incubated for 0.5 h for better interaction.
The fixed cells were then treated with 1 pg/ml solution of 4/, 6-
diamidino-2-phenylindole (DAPI) for nucleus staining and then
washed the cells three times by 1 x PBS of 10 min duration. Confocal
Scanning Laser Microscopy (CSLM) (Leica Microsystems, Hessen,
Wetzlar, Germany) was used to study the treated cells with
different incubation time period and observe the intracellular
imaging.

3.5. BSA binding experiment

BSA protein binding study was performed by tryptophan fluo-
rescence quenching experiments using a BSA stock solution of
0.01 M phosphate buffer of pH 7.2. The fluorescence titrations were
performed at the fixed BSA concentration (2 uM). In the fluores-
cence quenching experiment, quenching of the tryptophan resi-
dues of BSA was done by keeping the concentration of the BSA
constant while increasing the compound (quencher) concentration
from O to 55 uM. The fluorescence spectra were recorded at an
excitation wavelength of 285 nm and an emission wavelength of
335 nm after each addition of the compound. The excitation and
emission slit widths and scan rates were maintained constant for all
of the experiments. UV—Visible absorption experiment was per-
formed by taking fixed concentration of BSA (2 uM) with increasing
concentration of compounds. The absorption spectrum was recor-
ded between 200 nm—400 nm wavelength range.

3.6. Computational study

DFT calculations was carried out using Gaussian 09 (Version:
ES64L-GO9ReVE.O1) with LANL2DZ basis set at B3LYP level of the-
ory. Geometry optimization of compounds 1, 2 and [1.Hg>'],
[2.Hg?*] were carried out in gas phase by density functional theory
(DFT) at B3LYP level using LANL2DZ basis sets. The spectroscopic
and electronic property of these complexes has been computed by
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time dependent DFT (TD-DFT) calculation at the same B3LYP level
in gaseous phase [34].
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