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Introduction

p-Cymene—Ru(i)—organometallic conjugates
based on ‘V-shaped’ 4-amino-1,8-naphthalimide
Troger's base scaffolds: synthesis, photophysics,
bioimaging, and BSA/HSA binding studies

Binduja Mohan, (2@ Anna Jose, {2 @ Indrajit Bhattacharjee,” Raju Saravanan,

Mannanthara Kunhumon Noushija, (2 Mintu Porel, (2@ Bibhu Ranjan Sarangi
and Sankarasekaran Shanmugaraju (2 **

a
b,c

Three new p-cymene—Ru(i) organometallic conjugates (TB-Ru-1, TB-Ru-2, and TB-Ru-3) have been syn-
thesised in good yield via metal-ligand coordination chemistry using three different freshly prepared flu-
orescent 4-amino-1,8-naphthalimide Troger's base (TBNap) scaffolds (TBNap-1, TBNap-2, and TBNap-
3). Standard spectroscopic techniques characterised the newly designed conjugates, and their molecular
structures were obtained through computational optimisations. The photophysical studies of conjugates
showed characteristic UV-visible absorption and fluorescence emission peaks. Moreover, the binding
ability of conjugates towards Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) was probed
by UV-visible absorption and fluorescence titration studies, which demonstrated substantial binding pro-
perties of the conjugates with BSA and HSA, resulting in a significant increase in absorption intensity and
fluorescence quenching. The association constant (K,) and fluorescence quenching constants (Ksy) were
determined to be 10* to 10° M~ Additionally, cellular uptake studies using the 3T3 (embryonic mouse
fibroblast) cell line demonstrated rapid internalisation with minimal cytotoxicity, suggesting the potential
of these conjugates as bioimaging probes. These results underscore the possible applications of newly
designed TBNap-based Ru(i) organometallic conjugates in biomedical fields.

critical role in facilitating the transport of essential fatty acids,
drugs, and other vital metabolites throughout the human

Proteins are complex chemical substances that are indispens-
able for the vitality of life, performing multifaceted roles
ranging from transportation and foundational building blocks
to even assuming roles as potential pathogens within the
realm of biology."”* In the circulatory system, serum albumin
(SA) is a predominant extracellular protein, comprising
approximately 60% of the plasma protein pool and performing
several essential physiological functions.>* SA upholds blood
pH (human blood pH = 7.36-7.44) equilibrium and maintains
blood colloid osmotic pressure.” In addition, proteins play a
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body.® The capability of SA proteins to act as carriers for
numerous drugs enhances mobility within the body.
Interestingly, the drug-protein interactions can form a
complex that holds significance as a potential storage reservoir
for the drug.” Among the various serum albumins, bovine
serum albumin (BSA) and human serum albumin (HSA) have
emerged as the focal point of study as they play an essential
role in various metabolic processes in the body.*® BSA stands
out as a robust protein model due to its intrinsic resemblance
to HSA and several practical advantages such as affordability,
widespread availability, and a pronounced ability to bind to
various ligands.”'® The interaction between metal complexes
and these proteins profoundly influences the distribution of
metal complexes or drugs across bodily systems, their thera-
peutic efficacy, and their metabolic fate, in addition to control-
ling their engagement with specific target tissues."
Luminescent transition metal complexes, particularly those
featuring a d® electronic configuration such as Ru(u), Os(u),
and Re(1), have garnered substantial research interest as promi-
nent candidates in the domain of biomolecule imaging and
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luminescent probes.'> Within this category, Ru(u) complexes
bound to heterocyclic N-donor ligands have been widely exam-
ined owing to their interesting optical properties, such as
encompassing a broad absorption spectrum emanating from
metal-to-ligand charge transfer (MLCT), coupled with well-
matched energy levels for both excited and ground states.'®
These complexes exhibit remarkable luminescence quantum
yields, robust structural stability, and extended excited state
lifetimes under photochemical and electrochemical con-
ditions."* The significance of Ru(u) metal complexes extends
across various applications. Noteworthy among them are their
critical roles as key constituents in the construction of solar
energy conversion devices, the illumination of light-emitting
diodes (LEDs), and their utility as dye-sensitised photoelectro-
chemical cells, molecular probes, non-linear optical (NLO)
materials, and potent photocatalysts.'>>' On top of all these,
Ru(u) metal complexes are extensively used in the field of
cancer therapy because of their platinum-like ligand exchange
kinetics, ability to imitate the binding nature of iron with
various serum albumin proteins in the plasma, and less toxic
nature.”** Among different techniques, fluorescence-based
sensing has emerged as an attractive method for studying the
binding affinity of metal complexes with various proteins
owing to their swiftness, feasibility, exceptional sensitivity, and
selectivity.

In the past, the binding properties of transition metal com-
plexes towards biomolecules, particularly for DNA and pro-
teins, have been actively pursued.”>* In this regard, Ru(u)/Ru
(m)-based metal complexes have shown great promise as poten-
tial protein-binding agents. Half-sandwich Ru(u)-arene com-
plexes received special attention due to their facile ligand
exchange kinetics, structure, and functional tunability to
target specific proteins. There are early reports on half-sand-
wich Ru(u)-arene complexes-based fluorescence probes with a
preferential binding affinity towards serum albumins.**"*® pre-
vious studies have shown that the binding affinity of Ru(u)-
metal complexes towards serum proteins depends on several
factors, including size, shape, charge, hydrophobicity, and
coordination geometry of metal complexes.”®> Also, the func-
tionality of ligands bound to the metal complexes plays an
important role in the specific interactions (i.e., hydrogen
bonding, n-r stacking, van der Waals forces and so on) of
metal complexes with proteins.>**® Therefore, the binding of
metal complexes towards serum proteins can be improved by
selecting suitable metal complexes adorned with desired func-
tional moieties. Early reports have demonstrated that half-
sandwich Ru(u)-arene complexes based on poly-pyridyl and
n-conjugated ligands exhibit enhanced, preferential binding
propensity towards BSA and HSA proteins.>”>® Based on these
early studies, we report three new p-cymene-Ru(u) organo-
metallic complexes based on structurally unique 4-amino-1,8-
naphthalimide Troger’s bases (TBNaps) scaffolds.

TBNaps are a prominent class of cleft-shaped C,-symmetric
fluorescent scaffolds, strongly coloured and highly emissive,
attributed to their distinctive ‘push-pull’ type internal-charge
transfer (ICT) transitions.”’ *° Through a dedicated effort in
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the recent past, we have successfully synthesised a plethora of
TBNap derivatives and employed them as bifunctional
scaffolds to generate multifunctional supramolecular struc-
tures and luminescent organic/inorganic polymers for mean-
ingful applications spanning from biomedicine, and chemo-
sensing, to environmental sciences.>**° These TBNaps exhibit
excellent biological properties such as fast and effective cellu-
lar internalisation,®' substantial DNA binding,** and cellular
apoptosis in certain cancerous cell lines.**** In addition, the
fluorescence capabilities of these structures have also been
exploited, enabling their role as sensitive fluorescence sensors
for the trace detection of secondary chemical explosives, vola-
tile organic compounds, and analytes of vital biological
importance.?****> We have recently shown that conjugation of
TBNap scaffolds with p-cymene-Ru(u)-curcumin complexes
resulted in the generation of multifunctional organometallic
conjugates with excellent functional properties and exploited
them as theragnostic agents against different cancer cell
1ineS.27’34’36

Given the advancements of TBNaps in cancer studies and
the continuation of our earlier reports, herein, we report three
new TBNap-based p-cymene Ru(u) organometallic conjugates
(TB-Ru-1, TB-Ru-2, and TB-Ru-3) and their photophysics, bio-
imaging, and cytotoxicity, as well as BSA/HSA binding pro-
perties. The conjugates were obtained by reacting three
different TBNap-based dipyridyl donors (TBNap-1, TBNap-2,
and TBNap-3) separately with dichloro(p-cymene)ruthenium(i)
dimer (see Scheme 1 for the structures). These conjugates were
characterised by NMR (*H and 'C), ESI-MS, and FT-IR ana-
lyses. The energy-minimised structure of conjugates was
obtained by computational optimisation. Given the multifunc-
tional characteristics and structural uniqueness, we antici-
pated that the newly designed conjugates TB-Ru-1, TB-Ru-2,
and TB-Ru-3 could exhibit strong binding affinity towards BSA/
HSA proteins. The large hydrophobic cavity in TBNap can
facilitate the strong hydrophobic interactions with Sudlow
sites I & II, two major binding sites, of HSA/BSA proteins.>*
Also, the planar structure of 1,8-naphthalimide may be
involved in strong n-n stacking interactions with tryptophan
(Trp), tyrosine (Tyr), and phenylalanine (Phe) amino acid resi-
dues of serum proteins, which can result in aggregation-
caused changes in fluorescence emission intensity of conju-
gates.®" The Troger’s base two stereogenic ‘N’ atoms may form
intermolecular hydrogen bonding with the protein back-
bone.?® Similarly, Ru(u) can coordinatively interact with side-
chain amino-acid residues of proteins.>® All these properties
motivated us to explore the binding properties of all three con-
jugates towards BSA/HSA proteins. Indeed, the UV-visible
absorption and fluorescence emission titration studies showed
a strong binding affinity between conjugates TBNap-1, TBNap-
2, and TBNap-3 and BSA/HSA serum proteins. Besides, these
conjugates exhibited a fast-cellular internalisation within a
normal 3T3 mouse fibroblast cell line as examined using con-
focal microscopy. The MTT cell viability assay affirms the bio-
compatibility and non-toxic nature of the conjugates towards
both normal and cancer cell lines.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 One-step synthesis of organometallic conjugates TB-Ru-1, TB-Ru-2, and TB-Ru-3 from their corresponding dipyridyl donor TBNap-1,

TBNap-2, and TBNap-3, respectively.

Experimental
Materials and methods

All the chemicals and reagents were purchased from Sigma-
Aldrich and used as received without any purification. The sol-
vents were of HPLC grade and were purchased from reliable
vendors. Deuterated solvent CDCl; used for NMR analyses was
purchased from Sigma-Aldrich. The precursors 4-nitro-1,8-
naphthalic anhydride, 4-(aminomethyl)pyridine, 3-(amino-
methyl)pyridine, 4-(2-aminoethyl)pyridine and dichloro(p-
cymene)ruthenium(i)dimer were purchased from Sigma-
Aldrich and were used as received. The TBNap-based dipyridyl
donors, Bis-[N-(4-(pyridyl)ethyl)]-9,18-methano-1,8-naphthali-
mide-[b,f][1,5]diazocine  (TBNap-1),>”  Bis-[N-(4-(pyridyl)
methyl)]-9,18-methano-1,8-naphthalimide-[b,f][1,5]diazocine
(TBNap-2),>° and Bis-[N-(3-(pyridyl)methyl)]-9,18-methano-1,8-
naphthalimide-{5,f][1,5]diazocine  (TBNap-3)*®
thesised following the procedure reported in the literature.

The melting point of the conjugate was identified using an
Electrochemical IA9000 digital melting point apparatus. The
elemental analysis of conjugates was performed using a CHN-
O analyser available at GSCoE, IIT Palakkad. The ATR sampler-
equipped Shimadzu Scientific Instruments (IR Tracer 100) was
employed to record FT-IR spectra of conjugates. A Bruker high-
performance digital FT-NMR spectrometer functioning at
500 MHz was used to analyse the "H and "*C NMR spectra. All
NMR spectra were recorded in CDCl; and the spectra were
properly comprehended using MestReNova supporting soft-
ware. The mass of the complexes was analysed using a
Micromass LCT spectrometer or a MALDI Q-ToF Premier
employing the electron spray ionisation method in positive
and negative modes. HPLC-grade CH;OH was used as the
carrier solvent. UV-visible absorption spectra were recorded in
1 cm quartz cuvettes on a Thermo Scientific Evolution 201

were  syn-

This journal is © The Royal Society of Chemistry 2025

spectrometer. Baseline correction was applied for all measure-
ments. The fluorescence emission spectra were recorded on
the PerkinElmer-6500 Fluorimeter. All the measurements were
carried out at 298 K, and spectral data were analysed and
plotted using OriginPro 8.5.

General procedure for the synthesis of organometallic
conjugates

In a glass vial, a mixture of dichloro(p-cymene)ruthenium(u)
dimer ([Ru(p-cymene)Cl,],, 1.0 equiv.) and TBNap dipyridyl
donor (1.0 equiv.) was stirred in DCM (5 mL) for 16 h at room
temperature. The solution was filtered, and the clear reddish-
orange filtrate was dried under a vacuum. The conjugates were
isolated as a reddish-orange powder after trituration with cold
diethyl ether.

TB-Ru-1. The product was isolated by reacting dichloro(p-
cymene)ruthenium(u) dimer (9.2 mg, 0.015 mmol, 1.0 equiv.)
and TBNap-1 (10 mg, 0.015 mmol, 1.0 equiv.). Isolated yield =
63%. Melting point = >200 °C (decomp.). Anal. calced (%) for
Ce1HssCLLNgO,RU,-3CH,Cl,: C, 50.0; H, 4.2; N, 5.4. Found: C,
50.5; H, 4.4; N, 5.5. ESI-MS (m/z): Calculated 1248.1750 [M — Cl
+ HJ]', Found 1248.1629; 'H NMR (500 MHz, CD;Cl) &
8.85-8.83 (4H, d, J = 10 Hz, Hyrigy1), 8.70-8.69 (2H, d, J = 5 Hz,
Hyap), 8.53-8.52 (2H, d, J = 5 Hz, Hyap), 8.05 (2H, S, Hyap),
7.87-7.84 (2H, t, ] = 10 Hz, Hyp), 7.24-7.22 (4H, d, ] = 10 Hz,
Hpyridy), 5:47-5.46 (2H, d, J = 5 Hz, Heymene), 5.41-5.40 (2H, d,
J = 5 Hz, Hemene), 5.21-5.19 (4H, t, J = 5 Hz, Heymene),
5.16-5.13 (2H, d, J = 15 Hz, Troger’s base-CH,), 4.66 (2H, s,
Troger’s base-CH,), 4.60-4.57 (2H, d, J = 15 Hz, Troger’s base-
CH,), 4.42 (2H, m, ethyl-CH,), 4.37 (2H, m, ethyl-CH,),
3.08-3.04 (4H, m, ethyl-CH,), 2.94 (2H, septet, CH(CH,),), 2.01
(6H, s, cymene-CH3), 1.30-1.28 (12H, d, J = 10 Hz, cymene-CH
(CH3),) ppm; >C NMR (126 MHz, CDCl;) 6 164.0, 163.4, 154.4,
149.9, 149.5, 131.1, 131.0, 129.2, 128.3, 127.4, 127.1, 125.4,
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125.3, 122.7, 118.3, 103.3, 97.1, 83.0, 82.9, 82.1, 57.1, 39.8,
33.2, 30.6, 22.3, 22.3, 18.2 ppm; FT-IR va (ATR, cm™) 3472,
3071, 2955, 1697, 1651, 1597, 1504, 1458, 1381, 1342, 1304,
1258, 1150, 1126, 1057, 1026, 918, 871, 787, 687, 664, 579, 501,
440.

TB-Ru-2. The product was isolated by reacting dichloro(p-
cymene)ruthenium(n) dimer (9.6 mg, 0.016 mmol, 1.0 equiv.)
and TBNap-2 (10 mg, 0.016 mmol, 1.0 equiv.). Isolated yield =
61%. Melting point = >200 °C (decomp.). Anal. calcd (%) for
CsoHs,Cl,N,O,Ru,-5CH,Cl,: C, 45.6; H, 3.8; N, 5.0. Found: C,
45.4; H, 3.8; N, 4.9. ESI-MS (m/z): Calculated 1220.1437 [M — CI
+ HJ', Found 1220.1326. 'H NMR (500 MHz, CD;Cl) &
8.87-8.86 (4H, d, J = 5 Hz, Hpyyriay), 8.71-8.70 (2H, d, J = 5 Hz,
Hyap), 8.57-8.56 (2H, d, J = 5 Hz, Hyap), 8.07 (2H, S, Hyap),
7.88-7.85 (2H, t, J = 15 Hz, Hyap), 7.32-7.31 (4H, d, J = 5 Hz,
Hpyriayt), 5.40-5.39 (4H, d, J = 5 Hz, Heymene), 5.30 (4H, s, CH,-
Hyap), 5.19-5.18 (4H, d, J = 5 Hz, Heymene), 5.17-5.14 (2H, d, J =
15 Hz, Troger’s base-CH,), 4.68 (2H, s, Troger’s base-CH,),
4.58-4.55 (2H, d, J = 15 Hz, Troger’s base-CH,), 2.95 (2H,
septet, CH(CHj;),), 2.04 (6H, s, cymene-CHj), 1.27-1.26 (12H,
d, J = 5 Hz, cymene-CH(CHj),); *C NMR (126 MHz, CDCl;) &
163.9, 163.3, 154.7, 149.8, 148.2, 131.5, 131.1, 129.5, 128.4,
127.4, 127.3, 125.5, 124.2, 122.5, 118.2, 103.6, 96.9, 82.6, 82.3,
82.3, 67.0, 57.3, 41.9, 31.0, 22.3, 18.2; FT-IR vp.y (ATR, cm™?)
3471, 3063, 2963, 1697, 1659, 1597, 1497, 1458, 1373, 1342,
1303, 1234, 1322, 1197, 1088, 1057,1026, 964, 917, 864, 787,
756, 686, 664, 617, 579, 517, 447.

TB-Ru-3. The product was isolated by reacting dichloro(p-
cymene)ruthenium(u) dimer (9.6 mg, 0.016 mmol, 1.0 equiv.)
and TBNap-3 (10 mg, 0.016 mmol, 1.0 equiv.). Isolated yield =
52%. Melting point = >200 °C (decomp.). Anal. calcd (%) for
CsoH5,CLNgO4Ru,-6CH,Cly: C, 44.2; H, 3.7; N, 4.7. Found: C,
44.3; H, 3.5; N, 4.4. ESI-MS (m/z): Calculated 1220.1437 [M — Cl
+ HJ', Found 1220.1293; 'H NMR (500 MHz, CD;Cl) & 9.18
(2H, S, Hyyriayl), 8.86-8.85 (2H, d, J = 5 Hz, Hpyriay), 8.70-8.69
(2H, d, ] = 5 Hz, Hy,p), 8.59-8.57 (2H, d, J = 10 Hz, Hy,p), 8.09
(2H, s, Hyap), 7.88-7.82 (2H, dd, J = 10 Hz, Hpyriay), 7.19-7.16
(2H, t, J = 15 Hz, Hy,p), 5.40-5.39 (4H, d, J = 5 Hz, Heymene),
5.27 (4H, s, CHyHyap), 5.22-5.21 (4H, d, J = 5 Hz, Heymene),
5.16-5.12 (2H, d, J = 20 Hz, Troger’s base-CH,), 4.68 (2H, s,
Troger’s base-CH,), 4.57-4.54 (2H, d, J = 15 Hz, Troger’s base-
CH,), 2.95 (2H, septet, CH(CHj3),), 2.05 (6H, s, cymene-CH3),
1.27-1.26 (12H, d, J = 5 Hz, cymene-CH(CHj,),) ppm; *C NMR
(126 MHz, CDCl;) § 164.0, 163.4, 156.2, 153.5, 149.6, 138.4,
134.0, 131.3, 131.0, 129.2, 128.4, 127.3, 127.2, 125.5, 124.1,
122.8, 118.5, 103.7, 96.8, 82.6, 82.5, 82.4, 67.1, 57.1, 40.6, 30.6,
22.3, 18.1 ppm; FT-IR vp.x (ATR, cm™) 3487, 3063, 2962, 1697,
1651, 1597, 1435, 1404, 1373, 1335, 1304, 1234, 1157, 1111,
1057, 1026, 957, 910, 864, 787, 756, 702, 625, 517, 446.

Fluorescence titration studies using HSA/BSA proteins

In a standard measuring flask, 1 mM stock solutions of TB-Ru-
1, TB-Ru-2, and TB-Ru-3 were prepared and further diluted to
obtain solutions of different concentrations. Similarly, 10 uM
concentrations of BSA and HSA were prepared in a phosphate
buffer. The excitation wavelength was kept constant at 1 =
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280 nm, corresponding to the absorption maxima of BSA and
HSA. Initially, 2 mL of a 10 pM solution of BSA was taken in a
quartz cuvette, and the fluorescence spectra were recorded. To
this solution, the stock solution of conjugates (1 to 10 pM) was
gradually added. After each addition, the fluorescence emis-
sion spectra were recorded at room temperature. A similar
titration study was carried out with HSA. The fluorescence
quenching constant was calculated using the following Stern-
Volmer equation:

(Io/I) = 1+ Ksy[Q]

where I, is the initial emission intensity of BSA/HSA protein in
the absence of conjugates; I is the fluorescence emission in
the presence of a different concentration of conjugates; [Q] is
the molar concentration of conjugates, and Kgsy is the Stern-
Volmer quenching constant.

Biological studies

Cell viability. 3T3 (normal mouse fibroblast) cells were used
for viability and internalisation studies. The cells were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) high glucose
media (Himedia) with 10% Fetal bovine serum (FBS)
(Himedia) and 1% Penstrep and 0.2% of Amphotericin (Gibco
Life Tech). 1% antibiotic at 37 °C and 5% CO,.

Viability assay. For the viability study, the cells were seeded
in 96-well plates with 1 x 10 cells per well. They were allowed
to adhere to the substrate overnight in a CO, incubator. Cells
were incubated for 24 h with various concentrations (1 to
100 pM) of TB-Ru-1, TB-Ru-2, and TB-Ru-3. Post-incubation,
10 pL of MTT was added to each well with a final concen-
tration of 0.5 mg mL™". The formazan crystals formed were dis-
solved in DMSO, and absorbance was recorded in a plate
reader (Biotech Epoch 2NS Gen5) at 4 = 590 nm. Absorbance
was also recorded using a 4 = 620 nm filter as a reference.
Viability data were normalised with the absorbance recorded
from an untreated control sample. The data were plotted as a
percentage of viability, with standard error obtained from
measuring three wells.

Epi-fluorescence microscopy. The cells were seeded on glass
coverslips for the internalisation study. After adhesion to the
substrate, cells were incubated with the conjugates for 12 h at
a concentration of 20 pM for each sample. Post-incubation,
cells were fixed using paraformaldehyde, and imaging was
done using an epi-fluorescence microscope (Olympus IX83)
using appropriate excitation and emission filters. Both phase
contrast and fluorescence images of the cells were recorded.

Results and discussion

Synthesis, characterisation, and photophysics of
organometallic conjugates

The dipyridyl donors TBNap-1, TBNap-2, and TBNap-3 were
freshly synthesised using their corresponding amine deriva-
tives, following the procedure outlined in our recent
publications.?*?”*% The three new Ru(u)-organometallic conju-

This journal is © The Royal Society of Chemistry 2025
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gates TB-Ru-1, TB-Ru-2, and TB-Ru-3 were synthesised in a
single step by stirring dichloro(p-cymene)ruthenium(u) dimer
([Ru(p-cymene)Cl,],) and corresponding dipyridyl donor
(TBNap-1 for TB-Ru-1, TBNap-2 for TB-Ru-2, and TBNap-3 for
TB-Ru-3) in a 1: 1 stoichiometry ratio in DCM. The solvent was
stripped off after 16 h of stirring at room temperature
(Scheme 1). Trituration with cold diethyl ether yielded the
expected conjugates as a reddish-orange powder in analytically
pure form (for more details, see the Experimental section).
The conjugates were stable in open-air conditions and well
soluble in common organic solvents like CHCl;, CH,Cl,,
CH;CN, CH3;0H, DMSO, etc. The conjugates were then charac-
terised using ESI-MS, multinuclear NMR (*H and '*C), and
FT-IR analyses. The ESI-MS analysis of conjugates showed a
sharp peak at m/z = 1248.1629 for TB-Ru-1, 1220.1326 for
TB-Ru-2, and 1220.1293 for TB-Ru-3, corresponding to the frag-
ment [M — Cl + H]" (see Fig. 1 and Fig. S1, S2 in ESI{). These
peaks were isotopically well-resolved and matched with the
theoretically predicted isotopic patterns.

The 'H NMR spectra of the conjugates exhibit proton reso-
nances as two doublets and a singlet in the range of
5.16-4.57 ppm (for TB-Ru-1) (see Fig. 2), 5.17-4.55 ppm (for
TB-Ru-2), and 5.16-4.54 ppm (for TB-Ru-3), corresponding to
the Troger’'s base moiety (see Fig. S5 and S8 in ESIf). The
peaks corresponding to 1,8-naphthalimide appeared as two
doublets (8.70-8.69 and 8.59-8.52 ppm), a singlet
(8.05-8.09 ppm), and a triplet (7.88-7.16 ppm). The aryl
proton signals of capping p-cymene appeared as intense doub-
lets in the range of 5.47-5.46 and 5.19-5.18 ppm. Notably, in
all the cases, the proton resonances of pyridyl donors were sig-
nificantly down-field shifted compared to the free TBNap
dipyridyl donor ligands;*”*"?**7*¢ it’s due to the donation of
electron density from ligand-to-metal coordination N: — Ru(u)
(see Fig. 2 and ESI Fig. S5, S8%).

The ®C NMR spectra showed sharp resonances corres-
ponding to respective functional moieties of conjugates
(Fig. S3, S6, and S9 in ESIT). The FT-IR spectra of conjugates
showed a sharp intense band at 1697 ecm™" corresponding to
the C=0 stretching frequency for all three conjugates (Fig. S4,
S7, and S10 in ESIf).
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Fig. 1 ESI-MS spectrum of TB-Ru-1 (inset: the experimental and calcu-
lated isotopic distribution of the [M — Cl + H]* fragment).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

~ s a
908 833 S !
o oo

{128

Fig. 2 'H NMR spectrum of TB-Ru-1 was recorded in CDClz (500 MHz)
with peak assignment. *Due to diethyl ether and acetone solvents.

All attempts to obtain single crystals of the conjugates suit-
able for X-ray diffraction analysis were unsuccessful.
Therefore, further structural information was gained by obtain-
ing the energy-minimised structures through molecular mech-
anics universal force field simulation (MMUFF).>® As shown in
Fig. 3, the optimised structure of conjugates adopts a cleft-
shaped conformation, and due to the methano-1,5-diazocine
moiety, 1,8-naphthalimide units are close to orthogonal to
each other with the mean interplanar angle of 90.68° (TB-Ru-
1), 84.15° (TB-Ru-2), and 86.42° (TB-Ru-3). The pyridyl donor
moieties in TB-Ru-2 and TB-Ru-3 are flanked outwards from

TB-Ru-3

Fig. 3 Optimised structure of conjugates (colour code: C = Gray; O =
Red; N = Blue; Ru = Green; Cl = Purple). Hydrogen atoms are excluded
for clarity.
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the V-shaped cavity. Each Ru(u) centre adopts a three-legged
quasi-octahedral (piano-stool) conformation in which three
coordination sites are occupied by a p-cymene ligand and the
other three sites are occupied by coordinated Npyrigy and two
Cl™ atoms.

Having synthesised in analytically pure form, we next
assessed the UV-visible absorption and fluorescence emission
properties of newly synthesised conjugates TB-Ru-1, TB-Ru-2,
and TB-Ru-3 in a CH;CN-PBS buffer medium at room tempera-
ture. The photophysical studies were performed using 1.0 pM
concentrations of conjugates. The electronic absorption
spectra of conjugates showed three typical absorption
maximum bands in the range 4 = 234 to 393 nm (Fig. 4A). The
high-energy intense band at A = 234 to 238 nm corresponds to
the n-n* transition, and the low-energy broadband at 1 = 388
to 393 nm is ascribed to the internal charge transfer transition
(ICT) from the electron-rich Troger’s base to electron-deficient
imide sites. The band at A = 344 to 345 is assigned to the
MLCT transition.”>*' Upon photoexcitation, the conjugates
showed an ICT-based strong fluorescence emission band at 4 =
496 to 500 nm (Fig. 4B). These ICT bands are slightly red-
shifted compared to their respective dipyridyl donors due to
metal-ligand coordination bonding.***”*® Furthermore, it was
observed that the fluorescence emission intensity of the conju-
gates was much lower than that of their corresponding TBNap-
based dipyridyl donors, possibly due to the excited energy
transfer process.’’*® The fluorescence quantum yield for the
conjugates was determined to be ¢= 0.05 (for TB-Ru-1), 0.04
(for TB-Ru-2), and 0.10 (for TB-Ru-3). The calculated quantum
yield of conjugates is lower than their corresponding TBNap
donors, and this is attributed to the poor emission of conju-
gates in solution. Furthermore, the time-dependent UV-visible
absorption and fluorescence emission studies using TB-Ru-2
showed no significant changes in intensity, demonstrating the
high stability of newly designed conjugates in solution
(Fig. S15, ESI{).

BSA/HSA proteins binding studies

The binding propensity of conjugates toward the serum pro-
teins was assessed by UV-visible absorption and fluorescence
emission titration studies in a PBS buffer medium (pH = 7.4).
The absorption spectrum of BSA showed a prominent band at
A = 210 nm, which is attributed to the conformation of the

=2
2

(A)

-
T —TB-Ru-1
0.94 —1B-Ru-l | x1.64 —TB-Ru-2
’ —TB-Ru2 | —TB-Ru-3
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5 067 £
2 2 0.8+
2 “
203 g
’ §0.47
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240 300
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Fig. 4 (A) UV-visible absorption and (B) fluorescence emission spectra

of conjugates (1.0 pM) measured in CHzCN-PBS buffer medium at room
temperature.
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protein framework and the peptide bonds, and a less intense
peak at 4 = 278 nm corresponds to the n-n* transition of aro-
matic amino acids like tryptophan, phenylalanine, and tyro-
sine present within the protein chains (Fig. 5A blue line)."® To
corroborate interactions between the conjugates and BSA, the
absorption spectrum of BSA was measured before and after the
addition of conjugate solutions. In all the cases, the absorp-
tion intensity of BSA was increased significantly upon the
addition of increasing concentrations of conjugates (Fig. 5A
red line and Fig. S11A, S12At). Along with the hyperchromicity,
a clear bathochromic shift in the absorption spectra was
observed in all the cases. The increased absorption intensity
demonstrates a ground-state charge-transfer complexation
between BSA and organometallic conjugates.

The association constant (K,) was quantitatively evaluated
using the following Benesi-Hildebrand equation:*°

1/[A = Ao] = 1/(4140) + 1/(A1 = Ag)K,[Q]

where A indicates the absorbance of BSA in the presence of
varying concentrations of conjugate; A, is the absorbance of
BSA in the absence of conjugates, 4, is the absorbance of the
BSA-conjugate, K, is the association constant derived from the
intercept-to-slope ratio, and [Q] denotes the concentrations of
the conjugate.

The double reciprocal plot of 1/(A — A,) vs. 1/[conjugates]
displayed linearity, which indicates a 1:1 ground-state
complex formation between BSA and conjugates (Fig. 5B and
Fig. S11B, 12Bt). From the slope of the linear curve, the associ-
ation constant K, was determined to be 5.89 x 10* M~* (for
TB-Ru-1), 3.87 x 10* M~ (for TB-Ru-2), and 5.09 x 10* M~ (for
TB-Ru-3).""*> Under the same experimental conditions,
similar absorption titration studies were performed using HSA
protein. After conjugates were added in increasing concen-
tration, the absorption intensity of HSA was increased signifi-

Ay B)
10.0 pM 12
o] TB-Ru-1
H 00um | 3? B
£ 3
2 =6
<]
3
0 ; . . T
240 320, 400 480 0 2 4 6 <8 10
. % (nm) 1/TB-Ru-1 (x10°)
(Cy )
10.0 uM 24
14 s
3 ITB Ru-1 s
£ 0.0M |2
£ = .
5 <12
< =
1 6
0 y T 7 T 0
240 320 400 480 0 2 4 6 -8 10
3 (nm) 1/TB-Ru-1 (x10%)

Fig. 5 The observed changes in UV-visible absorption spectra of (A)
BSA and (C) HSA proteins after the gradual addition of TB-Ru-1 in
increasing concentration (1 to 10 pM) measured in PBS buffer medium at
room temperature and their corresponding Benesi—Hildebrand plot (B
and D).
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cantly, accompanied by a notable bathochromic shift (Fig. 5C,
D and Fig. S11C, D, S12C, D¥). K, was determined to be 2.29 x
10* M~ (for TB-Ru-1), 8.78 x 10°> M~" (for TB-Ru-2), and 4.68 x
10°> M~ (for TB-Ru-3). The intrinsic fluorescence of BSA predo-
minantly arises from the presence of two Trp residues located
at positions 134 and 212 in domains IB and IIA, respectively.
Alterations in the emission maxima or intensity directly signify
changes in the surrounding polarity near these Trp residues,
indicative of a shift from the native conformation. Therefore,
monitoring the intrinsic fluorescence of BSA serves as a valu-
able means to track the binding of TBNap conjugates to BSA.
We performed fluorescence titration studies to probe the
binding between conjugates and proteins. For this, a 10 pM
PBS buffer solution of BSA was initially taken in the quartz
cuvette, and the emission spectrum was recorded. Upon exci-
tation at 1 = 280 nm, BSA showed a strong fluorescence emis-
sion maximum at A = 350 nm assigned to the intrinsic fluo-
rescence of BSA arising from Trp and Tyr units. To this BSA
solution, a freshly prepared stock solution of conjugates (1 to
10 uM) was added separately, and the emission spectra were
recorded after each addition. We observed significant fluo-
rescence quenching following the addition of each conjugate.
This was accompanied by a slight blue shift in the emission
maxima for all three conjugates (Fig. 6A and Fig. S13A, 14Af¥).
This result confirms the interaction between the conjugates
and BSA (Trp-212, emission at A = 340 nm), leading to the for-
mation of non-fluorescent complexes. Notably, the blue shift
suggests that the interactions between BSA and the conjugates
are primarily hydrophobic in nature. A similar fluorescence
quenching pattern was observed upon adding the conjugates
to the HSA solution (Fig. 6C and Fig. S13C, 14Cf). The conju-
gates strongly bind to Trp-214, with the emission maximum at
A = 340 nm. From the titration profiles, the Stern-Volmer
quenching constant (Ksy) was calculated for all conjugates
with BSA and HSA. The determined Kgy values for BSA are 7.97
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Fig. 6 The fluorescence emission spectra of (A) BSA and (C) HSA before
and after the gradual addition of increasing concentrations of conjugate
TB-Ru-1 (1 to 10 pM) measured in PBS buffer medium at room tempera-
ture and their corresponding Stern—Volmer plot (B and D).
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x 10* M™" (for TB-Ru-1), 1.26 x 10> M~ (for TB-Ru-2), and 1.03
x 10° M~ (for TB-Ru-3). Similarly, the calculated Kgy values for
HSA are 1.31 x 10° M~* (for TB-Ru-1), 9.97 x 10* M~ (for
TB-Ru-2), and 1.34 x 10° M~ (for TB-Ru-3). The high Kgy
values indicate stronger binding between the serum proteins
and the conjugates. Furthermore, the higher Kg, values
suggest that the conjugates TB-Ru-1 and TB-Ru-2 may induce
structural changes. Thus, there can be rearrangements in the
BSA and HSA proteins near their respective binding sites. The
conjugate TB-Ru-3 binding affinity toward both proteins was
weak, possibly due to the orientation of the 3-pyridyl nitrogen,
which may not position the metal ions favourably for inter-
action with the protein binding sites.

Biological studies

We then studied the biological properties of conjugates. The
cellular internalisation of three conjugates within 3T3 (normal
mouse fibroblast) cell lines was probed using confocal laser
scanning microscopy. The 3T3 cell lines were incubated with
three conjugates separately for 24 h and the fluorescence
microscopy images were recorded. TB-Ru-3 was found to form
large aggregates at the cell membranes. So, no confocal fluo-
rescence images and cell viability assays were collected for
TB-Ru-3. TB-Ru-1 and TB-Ru-2 were internalised quickly
within 3T3 cell lines and localised within the cytoplasm or on
the edges of the nucleus (see Fig. 7). The observed bright
green emissions emanating from the internalised conjugates.
The cytotoxicity of TB-Ru-1 and TB-Ru-2 against 3T3 cell
lines was assessed using the MTT assay, which measures cell
viability based on the conversion of MTT to formazan. The bar
graph plotting the percentage (%) of cell viability vs concen-
tration is shown in Fig. 8 and summarised in Table S1 in ESL.}
The estimated ICs, values from the MTT assay confirmed that
TB-Ru-1 and TB-Ru-2 were bio-compatible, and no substantial
toxicity was observed even after 24 hours of incubation at
different concentrations of conjugates against the 3T3 cell
line. These results demonstrate the non-toxic nature of newly
designed conjugates against healthy cells. These findings
suggest that the conjugates TB-Ru-1 and TB-Ru-2 may hold
promise as potential candidates for biomedical applications.

Bright-field Fluorescence Merged

TB-Ru-1

Fig. 7 Confocal live-cell images of TB-Ru-1 (20 pM) and TB-Ru-2
(20 pM) after 12 h of incubation within 3T3 (normal mouse fibroblast)
cells.
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Fig. 8 Cell viability profile of TB-Ru-1 (above) and TB-Ru-2 (below) in
3T3 (normal mouse fibroblast) cells after 24 h with varied concentrations
(1to 100 pM).

Conclusions

In summary, we have successfully designed and synthesised
three new p-cymene-Ru(u) organometallic conjugates, TB-Ru-1,
TB-Ru-2, and TB-Ru-3, based on green-fluorescent TBNap-
based dipyridyl donors (TBNap-1, TBNap-2, and TBNap-3). The
photophysical properties of conjugates were measured, and
their binding properties with BSA and HSA were assessed,
aiming to facilitate the rational design of metallodrugs for bio-
medical purposes. Furthermore, the conjugates exhibited
rapid cellular uptake and displayed a strong green fluorescence
emission within the 3T3 normal mouse fibroblast cell lines,
thus demonstrating their use as cellular imaging probes. The
non-toxic and biocompatible nature of conjugates enhances
their practical use in cellular environments. This study under-
scores the potential of TBNap scaffolds as promising ligands
for the development of potential metallodrugs. Further work is
in progress to modify the TBNap-based metal complexes,
aiming to enhance their anticancer properties by incorporating
various bioactive ligands.
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