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Homogenous electrochemical sensing using unmodified electrodes remove electrode fabrication
challenges and prove effective for detecting sensitive bio-analytes without chances of surface
degradation. This work envisages design and optimization of a ruthenium(i) half-sandwich complex as
supradecorated homogeneous electrochemical sensor for simultaneous detection of rifampicin (RIF) and
isoniazid (INH) as first-line anti-tuberculosis drugs in agueous environments. The electrochemical profile
of GCE/ruthenium(i) half-sandwich complex sensor was analyzed using cyclic voltammetry, differential
pulse voltammetry and electrochemical impedance spectroscopy (EIS). The results indicate significant
electrochemical parameters corroborating enhanced sensing propensity of GCE/ruthenium(i) half-
sandwich complex over bare GCE for simultaneous estimation of RIF and INH binary mixture. The RIF
and INZ analytical figure of merit has been corroborated with their relative supra interactional propensity.
Supra interactional propensity has also been predicted to be the plausible mechanism of RIF and INZ
electrochemical sensing. Under optimized conditions GCE/ruthenium(i) half-sandwich complex sensor
depicted INH detection limits of 1.2 pM, and RIF detection limit of 32 nM. The comparative study of RIF
and INZ analytes individually depicted high sensitivity of 24.57 pA pM™t cm™2 and 1.69 pA uM~* cm™2
under a linear response in the range of 0.29-3.72 uM and 4.9-82.22 uM for RIF and INH respectively.
The analytical figure of merit of homogenous sensor has been compared to other GCE modified
electrodes for RIF and INZ analytes. A significant antibiotic contaminant recovery of RIF and INZ drugs in

pharmaceutical formulations, municipal water supplies and Dal lake water under spiked as well as
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GCE/ruthenium(i) half-sandwich complex expresses excellent stability and reproducibility. The GCE/
ruthenium(i) half-sandwich complex in the presence of potential redox active biological interfering
agents confirmed selectivity towards RIF and INZ analytes.
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concerns and adverse effects on human health.* Their preva-
lence, risk assessment evaluation and natural attenuation rate

Introduction

Electrochemical sensing is a promising tool for real time
monitoring of contaminant concentrations for safety assess-
ment and sustainability. Increase in global use of antibiotics for
commercial agriculture and for human medicine has developed
these into non conventional contaminants with ecotoxicological
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has labeled antibiotics as major persistent contaminants chal-
lenging environmental sustainability.*® The cosmopolitan
distribution of antibiotic residues in surface,” waste-waters,*°
sediments,'® crops,"* and drinking water'>** lead to sustained
exposure developing antibiotic-resistant bacteria (ARB) and
antibiotic-resistant genes (ARG).* World Health Organization
(WHO), considers ARGs as major threats to human and animal
health in the 21st century.*** A comprehensive analytical
monitoring of antibiotics in environmental segments especially
water bodies is crucial from sustainability, antibiotic resistance
and water treatment point of view.'*'® Bacterial strains resistant
to standard first-line TB treatment drugs isoniazid (INH) and
rifampicin (RIF) represent practically incurable multidrug-
resistant (MDR) TB. MDR-TB strains that are resistant to
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fluoroquinolones and second-line injectable drugs represent
more fatal extensively drug-resistant (XDR) TB.* Thus, real time
antibiotic monitoring is crucial for resistance surveillance and
extent of antibiotic resistance evaluation®® In addition, INH and
RIF monitoring is also vital in tracking drug metabolism and
dosage regulation in patient care as overdose can cause
seizures, metabolic acidosis, coma, and injected doses of 80 mg
per kg or more can be fatal.*

Among plethora of antibiotic monitoring techniques, elec-
trochemical sensing methods standout to their advantages of
real-time on spot analysis, feasibility of device fabrication,
simple sampling, good sensitivity and detection limits mostly
under affordable cost.”>>* Mostly electrochemical sensors
involve a heterogeneous interface formed by immobilization of
sensing material on a glassy carbon electrode surface, this
approach although wide spread is laborious, require binders
and solvents that can interfere activity of bioanalytes, and
develop electrode reproducibility concerns. In continuation of
our interests in electrochemical monitoring of environmental
contaminants,®?* a homogenous electrochemical sensing
strategy has ability to overcome these concerns of traditional
sensors, and is attracting attention for estimation of sensitive
bioanalytes.””* Half-sandwich Ru(u) complexes show well
behaved Ru(u)/Ru(m) redox behavior with a very low over
potential desirable for electrochemical applications.** Electro-
chemical sensors capable of simultaneous evaluation of isoni-
azid and rifampicin are scarce.*® Keeping view of the good
electrochemical propensity of Ru(u) complexes, and need of
simultaneous estimation of first-line TB treatment drugs, we
envisaged the design and development of Ru(u) half-sandwich
complex as homogenous electrochemical sensor. The electro-
chemical profiling of sensor was assessed from cyclic voltam-
metry (CV) data analysis and its analytical figure of merit for TB
drug binary mixture was assessed using differential pulse vol-
tammetry (DPV) technique. The electrochemical sensor exhibi-
ted excellent cyclic stability, low detection limit (LOD), high
sensitivity and wide linear ranges for detection of RIF and INH.
The simultaneous estimation of RIF and INZ drugs in test
samples, pharmaceutical formulations, municipal
supplies and Dal lake water under spiked as well as unspiked
conditions depicted more than 95% recovery confirming its real
time sensing propensity. The computational studies were
attempted for an insight to the observed changes in the CV plots
and the difference in the analytical figure of merit of RIF and
INH drugs. Computational studies based on frontier molecular
orbital, molecular electrostatic potential and Hirshfeld surface
analysis predicts mediator based mechanism of sensing.
Diverse non covalent interactions developed by groups in
isoniazid and rifampicin analytes with cymene ring, chloride
and valine ligands in the Ru(u) half sandwich sensor explain
observed differences in their analytical figure of merit. Taken
together this case study of novel Ru(u) half-sandwich complex
electrochemical sensing of RIF and INH drugs aims to invoke
the concept of supradecoration induced homogenous electro-
chemical sensing, which can be of high value in engineering
analyte specific sensors.

water
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Experimental
Synthesis of ruthenium(u) half sandwich complex

The ligand was synthesized following a reported method,
involving the reduction of the amino acid valine to its corre-
sponding amino alcohol, which was then cyclized to yield the
thione (shown in Scheme S$1%).** The Ru(m) complex was
synthesized using [Ru(p-cymene)Cl,], (0.16 mmol) as the start-
ing material (Scheme 1). The dimeric Ru(u) precursor was dis-
solved in 20 mL of freshly dried dichloromethane under
a nitrogen atmosphere in a two-neck round-bottom flask. To
this solution, the ligand (0.33 mmol) was added, and the
mixture was stirred at room temperature for one hour. The
reaction mixture was concentrated to 2 mL using a rotary
evaporator and 10 mL of petroleum ether was added to
precipitate the product. The resulting red solid was filtered,
washed with diethyl ether, and recrystallized from a 1:1
mixture of dichloromethane and diethyl ether. The final
product (yield: 80%) was characterized using '"H NMR spec-
troscopy (Fig. 1) and elemental analysis. "H NMR spectrum was
recorded on a Bruker AMX 400 MHz spectrometer. A solution of
15 mg (0.03 mmol) of the synthesized complex was dissolved in
0.5 mL of CDCl;, and transferred into a NMR for "HNMR data.
The chemical shifts are reported in ppm relative to the
chloroform-d solvent peak at 6 7.26 (singlet). Elemental analysis
was performed using a vario MICRO CUBE CHNS analyzer.

Electrochemical measurements

Electrochemical studies, including cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and differential
pulse voltammetry (DPV), were conducted on Bio-Logic SAS
potentiostat (Model SP 150) with a three-electrode set up con-
sisting of glassy carbon electrode (GCE) as working electrode
(WE), platinum wire as counter electrode (CE) and Ag/AgCl as
reference electrode (RE). All electrochemical measurements
were made at room temperature in acetonitrile solvent using
NBu,PFs (0.1 M) as supporting electrolyte. DPV experiments
were carried out by sweeping the potential from —1.0 Vto +1.0 V
with a scan rate of 50 mV s '. EIS measurements were per-
formed over a frequency range of 10 kHz to 100 mHz.

To evaluate real time applicability of synthesised Ru(u) half
sandwich complex sensor, dose dependent estimation of RIF
and INZ in commercial tablets (75 mg and 100 mg) procured

HN)k [RuCly(p-cymene)], ‘\R,u
CHoCly, RT VIR

Cl J\

HN

Scheme 1 Solvothermal method of the ruthenium(i) half sandwich
complex synthesis.
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Fig. 1 'H NMR of synthesized ruthenium(i) half sandwich complex.

from local medical store were attempted. The real time analysis
was also attempted by studying % recovery post spiking the
water samples from municipal supply and Dal lake (34:18N,
74:91E; 1583 m above sea level). The RIF and INZ tablets were
crushed to a fine powder and their 4 mM stock solutions
(calculated from the claimed drug content of the tablet) were
prepared in millipore water. The stock solutions were diluted
(as required) for electro-chemical measurements and DPV
analysis for their simultaneous estimation under optimized
conditions.

In addition, analytical ability of ruthenium(u) half-sandwich
complex sensor was investigated by spiking and recovery
experiments of commercial tablets in municipal water supply
(pH 7.7), Dal lake water (pH 7.9) and deionized water as selected
real time samples. For DPV measurements, 7.0 mL of each water
sample was mixed with NBu,PF, (0.1 M dissolved in acetonitrile
solvent as supporting electrolyte) in a 20 mL electrochemical
cell spiked with known concentrations of RIF and INH. The
simultaneous detection of RIF and INH in these samples was
then analyzed using DPV technique. Recovery percentages were
calculated using the formula®

found

addea 100

% Recovery =

here, added refers to the concentration of analyte spiked into
the solution, and found represents the concentration deter-
mined through the analysis.

Results and discussion

The synthesis of the ruthenium(u) half sandwich complex from
synthesized ligand is depicted in Scheme 1. The complex has
familiar “three legged piano stool” geometry where Ru(u) binds
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two chloride ligands, one S atom, and an aromatic cymene
ring.

The synthesized Ru(u) half sandwich complex was charac-
terized using "H NMR spectroscopy (Fig. 1) "H NMR (CDCl,,
400 MHz, ppm) - 6 = 0.95 (3H, d, J = 6.94 Hz, isopropyl), 1.03
(3H, d, J = 6.56 Hz, isopropyl), 1.31 (6H, d, / = 6.83 Hz, iso-
propyl), 1.85 (1H, m), 2.26 (3H, s, methyl), 2.98 (1H, m, iso-
propyl), 3.13 (1H, m), 3.30 (1H, m), 3.98 (1H, m), 5.21 (2H, m,
cymene), 5.39 (2H, m, cymene). Elemental analysis for Cy¢-
H,;CL,NRuS,, caled (%) C, 41.11; H, 5.39; N, 3.00; S, 13.72;
found: C, 40.94; H, 5.37; N, 3.05; S, 13.81. The detailed
synthesis of the ligand with stepwise mechanism are reported
in Schemes S1 and S2 (ESIt).

Electrochemical characterization of ruthenium(u) half
sandwich complex

The electrochemical signatures of the Ru(u) half sandwich
complex were evaluated by means of cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in acetoni-
trile solvent using NBu,PFs as supporting electrolyte. In the
given potential window neat GCE showed absence of any fara-
daic event, while as GCE in presence of Ru(u) salt and Ru(u) half
sandwich complex showed a well-defined redox behavior diag-
nostic to the redox features of Ru(u/ur) redox couple.*** The
cyclic voltammogram recorded with GCE in presence of Ru(u)
half sandwich complex shows an reversible redox peaks at
potential of 0.38 V and 0.33 V with AEp separation of 0.05 V,
while as GCE in presence of Ru(u) salt displays irreversible redox
peaks with AEp separation equal to 0.16 V (Fig. 2A). It is perti-
nent to highlight that the peak-to-peak separation (AEp), a key
marker of electrochemical reversibility, gets significantly
decreased at the GCE/Ru(u) half sandwich complex compared to
GCE/Ru(n) salt. This indicates that synthesized Ru(u) half

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Comparative cyclic voltammograms recorded at scan rate of 100 mV s~* of bare GCE, GCE/Ru(i) half sandwich complex and GCE/
RuCls, (B and C) Nyquist plots and equivalent circuit model for fitting EIS data, and (D) Bode phase plots of bare GCE, GCE/Ru salt and GCE/Ru(i)
half sandwich complex obtained at a frequency range of 10 kHz to 100 mHz (all experiments were performed in acetonitrile solvent using

NBu4PFg as supporting electrolyte).

sandwich complex exhibits improved electrochemical perfor-
mance (faster electron transfer kinetics and higher conduc-
tivity) in contrast to Ru(u) salt. Moreover, the comparative CV
plots depict that redox events in Ru(u) half sandwich complex
shift anodically compared to Ru(u) salt at the same scan rate
(100 mV s~ ). This is due to the coordination of ligand groups to
ruthenium center creating a stronger ligand field, adding to the
chemical activation barrier of the electron transfer (redox)
process and hence requiring a higher energy (or more positive
potential) to redox process.

To understand the charge dynamics of the synthesized
Ru(u) half sandwich complex, Electrochemical Impedance
Spectroscopy (EIS) studies were performed. The Nyquist plots
of electrodes: neat GCE, GCE/Ru(u) salt and GCE/Ru(u) half
sandwich complex (recorded over 10 kHz to 100 mHz), at the
corresponding redox potential depict different semicircular
portions indicating varied resistance to charge transfer at high
frequencies and a linear portion corresponding to diffusion
process at low frequencies Fig. 2B. The obtained Nyquist
curves were analyzed with an equivalent circuit model using
the Z-fit method by EC-Lab V10.19 software, as shown in the
Fig. 2C. The equivalent circuit consists of R1 (solution resis-
tance), Q3 (constant phase element (CPE)), R3 (charge transfer
resistance) and W3 (Warburg impedance). The charge transfer
resistance (R.;) between the electrode and electrolyte is rep-
resented by the diameter of the semicircular region, resulting
from the parallel combination of the resistor (R3) and the
capacitor (C3). The fitted parameters are also summarized in
the Table S1.f On comparing the diameter of semicircle part

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2B) as a measure of resistance to charge transfer, the
homogenous solution of GCE/Ru(u) half sandwich complex
was observed to give lower resistance to electron transfer
(lower R, value shown in supporting) and hence better charge
transfer dynamics, and conductivity as compared to the GCE/
Ru(u) salt and also neat GCE. In addition, lower impedance
and enhanced conductivity of GCE/Ru(u) half sandwich
complex corroborates its lower recombination of charge
carriers. The predicted higher charge carrier and reduced
recombination rate for GCE/Ru(u) half sandwich complex were
further validated using Bode phase plot analysis. As shown in
Fig. 2D, compared to GCE/Ru(u) salt and neat GCE the
maximum frequency in the Bode phase plot of GCE/Ru(u) half
sandwich complex shifts to lower values. This frequency shift
confirms the extended carrier lifetime for GCE/Ru(u) half
sandwich complex, resulting in lower recombination rate.'®*”
The observed CV results and EIS inferences predict that the
GCE in presence of Ru(u) half sandwich complex can be
employed as a superior electrode system for electro analysis
and electrochemical sensing applications.

Electrochemical behavior of GCE/Ru(u) half sandwich
complex in presence of biological analytes: an attempt in
simultaneous sensing of tuberculosis antibiotics rifampicin
(RIF) and isoniazid (INH).

Electrochemical sensing of biological analytes is interesting
for its high sensitivity, selectivity, miniaturization possibility
and gadget formation for real time estimation. The observed CV
and EIS results of GCE/Ru(u) half sandwich complex encour-
aged us to investigate selective sensing of biological analytes

RSC Adv, 2025, 15, 7004-7017 | 7007
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Fig. 3 Comparative cyclic voltammograms of rifampicin (RIF) and isoniazid (INH) antibiotics in aqueous acetonitrile solvent: (A) blue and red
traces depicts RIF on bare GCE and GCE/Ru(n) half sandwich complex respectively (C) blue and red traces depicts INH on bare GCE and GCE/
Ru(i) half sandwich complex respectively. (B and D) Cyclic voltammograms recorded with increasing concentrations of RIF and INH respectively,
insets depict corresponding calibration plots between /p vs. concentration (uM) (all experiments have been attempted in acetonitrile solvent with

i\
03

NBu4PFg as supporting electrolyte at 100 mV s~* scan rate).

decorated with groups capable of non covalent interaction with
the GCE/Ru(u) half sandwich electrode system. Towards this
aim, rifampicin (RIF) and isoniazid (INH) as widely used
tuberculosis drugs were selected as biological analytes for their
simultaneous estimation in a binary mixture. In a mixed solvent
system of aqueous acetonitrile with NBu,PF, supporting elec-
trolyte at 100 mV s~ scan rate under argon environment at 298

K CV plots of RIF over neat GCE and GCE/Ru(u) half sandwich
complex were compared (Fig. 3A).

Fig. 3A represents CV for 4 pM RIF in absence (blue trace)
and in presence of Ru(u) half sandwich complex (red trace). The
electrochemical oxidation of rifampicin (RIF) in absence of
Ru(u) half sandwich complex exhibits two weak oxidation peaks
at approximately 0.19 V (peak 1) and 0.63 V(peak 2) vs. Ag/AgCl,

.[Ru(I'IG-a.l.'ene)(val.i.ne)] o

[Ru(n‘;-arene)(\./aline)]3;'.+ e

+ :
[Ru(N¢-arene)(valine)] >+

(o) “ (o] OH
SNH,
- +
I ) N + [Ru(ns-arene)(valine)]3+ﬂ> I N + [Ru(n®-arene)(valine)|?*
~ Z
N N

INH

INA (Isonicotinic acid)

Scheme 2 Proposed redox events of Ru(i) half sandwich complex electrochemical sensor for RIF and INH sensing.
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suggesting the sluggish electron transfer at the bare electrode.
The presence of Ru(u) half sandwich complex modifies the
redox features for the RIF as is evident from the red trace in
Fig. 3A. The baseline corrected current response suggests that
the RIF sensing becomes possible in presence of Ru(u) half
sandwich complex. This prediction was verified by recording
CVs with increasing concentrations of RIF Fig. 3B with the inset
of Fig. 3B showing the peak current as function of RIF
concentration. The observed behavior of electrochemical
response for RIF over GCE/Ru(u) half sandwich complex was
seen in agreement to the literature with two well established
redox peaks. The peak 1 is assigned to the oxidation of 6,9-
dihydroxynapthalene moiety and peak 2 obtained is attributed
to oxidation of phenolic hydroxyl group of the molecule
(Scheme 2).%%°

The observed RIF results encouraged us to extend our
investigations to another first-line FDA-approved tuberculosis
infection drug isoniazid (INH) for their simultaneous electro-
chemical sensing in a binary mixture. Under optimized
conditions of RIF, INH also furnished its signature redox event
ascribed to irreversible oxidation of amide group to iso-
nicotinic acid (Scheme 2) as specified in literature**
(Fig. 3C and D). To validate non interfering behavior of two
anti tuberculosis drug analytes in the binary mixture, we
investigated their simultaneous electrochemical sensing as
binary mixtures with GCE/Ru(u) half sandwich complex elec-
trode system Fig. 4A and B. Fig. 4B represents CV response at
various scan rates with signatures of both the analytes under
appreciable potential gap of their corresponding redox
features confirming the suitability of GCE/Ru(u) half sandwich
complex electrode system as dual sensor for individual sensing
of RIF and INH anti tuberculosis drugs as well as their
simultaneous estimation in a binary mixture. The relative
results of CV investigations performed in absence and pres-
ence of Ru(u) half sandwich complex Fig. 4A conclude that
Ru(n) half sandwich complex is vital for the electroanalytical
response of these biologically active analytes over GCE. The
improved sensing of GCE/Ru(u) half sandwich complex over
bare GCE can be assigned to the multitude of non covalent
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interactions of analyte moieties with the diverse chemical
groups present in the Ru(u) half sandwich complex and also
due to the larger accessible surface area of the designed Ru(u)
half sandwich complex for the electrocatalysis.

To investigate the electrochemical kinetics of RIF and INZ
oxidation on the GCE/Ru(u) half sandwich complex, the effect of
scan rates ranging from 20-140 mV s~ on the voltammetric
response of RIF and INZ oxidation was studied and the results
are presented in Fig. 5. As depicted in Fig. 5, the anodic peak
current (I,,) of both analytes increases notably with increasing
scan rates. From the plot of the logarithm of the oxidation peak
current versus the logarithm of the scan rate (Fig. 5B), the slopes
for the peak 1 and peak 2 of RIF are 0.82 and 1.01 respectively.
This suggests that the electrochemical process for the peak 2 is
predominantly adsorption/surface controlled, while for the
peak 1, both diffusion and adsorption contribute to the elec-
trochemical process.”** The slope value of 0.62 for the linear
relationship between the logarithm of oxidation peak current
and the logarithm of the scan rate for INH (Fig. 5D), indicate the
surface-diffusion controlled process with diffusion as the
dominating process.* It is also evident that a gradual shift in
the anodic peak potential (Ep,) is observed with increasing scan
rates Fig. 5A and C, indicating kinetic limitations in the RIF and
INZ oxidation process, which is characteristic of surface-
controlled processes. Furthermore, it is observed that at inter-
mediate scan rates, the appearance of the second oxidation
peak centered at around 0.42 V in the cyclic voltammogram of
INH is likely due to the oxidation of an intermediate species or
radicals formed during the first oxidation process.*” The emer-
gence of the second oxidation peak is further confirmed from
the calibration plot of peak current versus INH concentration
(Fig. 3D).

Based on Laviron's equation*” and using the slope of the E (V)
vs. log (V s7") plot, the number of electrons (n) involved in the
electro-oxidation process were determined to be 2 for peak 1
and 1 for peak 2 for RIF and 2 in case of INH. The transfer of
two-electron, two-proton (peak 1) and one-electron, one-proton
(peak 2) for RIF and two-electron, two-proton in the electro-
chemical oxidation of RIF and INH respectively at GCE/Ru(u)
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Fig. 4 Cyclic voltammograms recorded for mixture of 48 pM RIF and INH each on bare GCE (blue trace) and on GCE/Ru(i) half sandwich
complex (red trace) (A) cyclic voltammograms recorded on GCE/Ru(i) half sandwich complex for mixture of 48 uM RIF and INH each with
changing scan rates (20-120 mV s~%) (B) inset of (B) shows variation of diagnostic peak currents of RIF and INH (/s with ») and its linear fit. (CV data
was recorded in aqueous acetonitrile solvent with NBu4PFg as supporting electrolyte at 100 mV s * scan rate).
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Fig. 5 Cyclic voltammograms recorded on GCE/Ru(n) half sandwich complex with changing scan rates (20-140 mV s—1) (A) 5.4 uM RIF (C) 138
uM INH (B and D) linear fit plots between log /p vs. log v obtained for anodic peak currents of RIF and INH respectively (CV experiments were
performed in aqueous acetonitrile solvent with NBu4PFg as supporting electrolyte).
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Fig. 6 DPVs recorded for increasing concentrations of (A) RIF and (C) INH on GCE/Ru(i) half sandwich complex. Calibration plots (B and D)
between /p vs. concentration (uM) of RIF and INH with linear behaviour in concentration range of 0.29-3.72 uM and 4.93-82.22 uM respectively
(experiments were attempted in acetonitrile solvent using NBu4PFg as supporting electrolyte).
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half sandwich complex is consistent with the findings previ-
ously reported in the literature.’**%*

Differential pulse voltammetric studies

Differential Pulse Voltammetry (DPV) measurements eliminate
capacitive/non faradaic currents resulting in improved
analytical figure of merit. DPV measurements generate well
defined, sharper signals with better resolution and high
sensitivity vital for electrochemical sensing application. The
DPV experiments of RIF and INH over GCE/Ru(u) half sand-
wich complex were carried in aqueous acetonitrile solvent
using NBu,PF, as supporting electrolyte at scan rate of 50 mV
s~'. In the potential window of —0.9 V to 1.0 V, the effect of
DPV parameters on peak current related to the electro-
oxidation of analytes over Ru(u) half sandwich complex was
examined. The optimized parameters for RIF and INH deter-
mination using DPV were: modulation time 100 ms, step
potential 20 mV, and modulation amplitude 50 mV. The
recorded DPVs show an increase in the oxidative current with
the increase in the analyte concentration. The linear depen-
dence of the peak current was observed over the concentration
range of 0.29 uM to 3.72 uM and 4.9 uM to 82.22 uM for RIF
and INH respectively Fig. 6A and C. From the calibration
curves of the plot of peak current vs. concentration of analytes
(Fig. 6B and D), the detection limit was calculated using 3S/m,
where m is the slope of calibration curve and S is the standard
deviation of error of intercept.** The calculated detection
limits were found to be equal to 7.1 x 10~ °® M (peak 1), 3.2 x
107® M (peak 2) for RIF and 1.2 x 10~° M for INH. The sensi-
tivity of RIF and INH were estimated as 19.58 pA uM ' cm ™2
(peak 1), 24.57 pA uM ' em 2 (peak 2) and 1.69 pA uM ' cm >
respectively. The detection limits and linear response ranges
were compared with the closely related heterogenous electro-
chemical sensors previously reported as we could not come
across any homogenous sensor for the simultaneous RIF and
INH sensing (Table 1).>>*"*°-%* The Table 1 entries showed that
the GCE/Ru(u) half sandwich complex has an efficient
propensity towards simultaneous electrochemical sensing of
both analytes. The increasing concentration effect of one drug
analyte on electrochemical features of other drug kept at
constant concentration are presented in Fig. 7A and B. Fig. 7A
depicts the DPV curves with increasing concentrations of RIF
ranging from 4.87-57.7 pM in presence of 50 uM of INH. The
linear plots of peak current vs. concentration of analyte are
given in inset of Fig. 7A. The DPV plots of increasing concen-
trations of INH (4.87-67.7 uM) in presence of fixed concen-
tration (50 uM) of RIF are given in Fig. 7B with the inset
depicting a linear dependence of peak current with the
concentration of analyte. The increase in corresponding peak
current of one drug while the peak current of another drug
remained constant indicating that selected drug analytes do
not interfere with each other for their simultaneous determi-
nation in binary mixture. The peak potential separations of
0.5 V between INH and peak 1 of RIF and 0.86 V between INH
and peak 2 of RIF ensured their simultaneous estimation
without interference in the binary mixture (Fig. 8D). In another

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Analytical parameters of GCE/Ru(i) half sandwich electrochemical sensor towards simultaneous estimation of RIF and INH with related heterogenous GCE modified electrochemical
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Fig. 7 DPVs recorded on GCE/Ru(n) half sandwich complex for (A) increasing RIF concentrations (4.87-57.7 uM) in presence of constant INH
concentration (50 uM). (B) Increasing concentrations of INH (4.87-67.15 uM) in presence of constant RIF concentration (50 uM). Insets showing
calibration plots of the peak current against concentrations of analytes. (Allmeasurements were in aqueous acetonitrile solvent using NBu4PFg as

supporting electrolyte).
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Fig. 8 DPVs recorded on GCE/Ru(i) half sandwich complex (A) for simultaneous determination of increasing concentrations 4.87-57.69 uM of
RIF and INH. Calibration plots of the peak current against concentration of analytes (B and C). Plot showing separations between the peak
potentials of RIF and INH (D). (All measurements were in acetonitrile solvent using NBu4PFg as supporting electrolyte at scan rate of 50 mV s™3).

parallel experiment, simultaneous determination of both first
line antituberculosis drugs (INH and RIF) with increasing
concentration of both drugs from 4.87-57.7 uM was achieved
with the corresponding plots in Fig. 8A. From the calibration
curves Fig. 8A and C, the detection limits were found to be
equal to 2.04 x 10~ °® M (with respect to peak 1), 1.6 x 10 ° M
(with respect to peak 2) for RIF and 1.4 x 10~° M for INH.

Interference and stability studies

The non interfering ability of GCE/Ru(u) half sandwich elec-
trochemical sensor towards simultaneous estimation of INH

7012 | RSC Adv, 2025, 15, 7004-7017

and RIF binary mixture was confirmed from control experi-
ments with binary mixtures. The analytical parameters were
observed to remain unaffected on increasing concentration of
one analyte for a fixed concentration of other or simultaneous
increase in concentration of both analytes corroborating non
interfering behavior. Additionally, influence of potential redox
active biological interfering agents (citric acid, ascorbic acid,
uric acid) on the DPV responses of RIF and INH under opti-
mized experimental conditions was also examined (Fig. 9A).
DPV plot shows no substantial change in the peak potentials
upon addition of selected interfering agents even at their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DPVs recorded on GCE/Ru(i) half sandwich complex (A) for RIF and INH (19.4 uM each) in presence of potential redox active biological
interferents (B) stability test of GCE/Ru(i) half sandwich complex. Current measurements were made in aqueous acetonitrile solvent using
NBu4PFg as supporting electrolyte at scan rate of 50 mV st in case of (A) and 100 mV s~ in case of (B).

Table 2 Recovery rates of RIF and INH in water samples using GCE/
Ru(i) half sandwich complex electrochemical sensor(post spike)

Added (uM) Found (uM) % Recovery
Water sample RIF INH RIF INH RIF INH
Distilled water 00 00 00 00 00 00
Tap water 3.90 3.90 3.75 3.73 96.15 95.64
7.80 7.80 7.65 7.63 98.07 97.82
11.00 11.00 10.85 10.83 98.64 98.45
15.00 15.00 14.85 14.83 99.00 98.86
Lake water 3.90 3.90 3.72 3.70 95.38  94.87
7.80 7.80 7.62 7.60 97.69 97.43
11.00 11.00 10.82 10.80 98.36 98.18
15.00 15.00 14.82 14.80 98.80 98.66

concentrations higher to the analyte, suggesting non interfering
behavior. The observed non interfering nature further adds to
the analytical figure of merit of GCE/Ru(u) half sandwich

complex as electrochemical sensor for simultaneous estimation
of RIF and INH in binary mixture.

The stability of GCE/Ru(u) half sandwich complex as elec-
trochemical sensor was confirmed from 100 successive cycles at
scan rate of 100 mV s, no significant changes in cyclic vol-
tammograms of homogenous solution containing 48 puM of
Ru(u) half sandwich complex upto 100 cycles was observed. The
oxidation peak current response upto 100 cycles shown in
Fig. 9B at scan rate of 100 mV s~ ' confirms good stability and
durability of GCE/Ru(u) half sandwich complex as electro-
chemical sensor.

Real sample analysis

The real time performance of GCE/Ru(u) half sandwich complex
electrochemical sensor, for simultaneous estimation of RIF and
INH in commercial drug tablets and different water samples
was validated using DPV technique under pre optimized

Fig. 10 Frontier molecular orbital (FMO) contours of Ru(i) half sandwich electrochemical sensor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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methodology. The concentrations of RIF and INH in their
optimum concentration range of method were prepared from
their claimed content in commercial tablets and by spiking real
water samples with known concentrations. A series of binary
mixtures of the commercial tablets over the optimum concen-
tration range of method were estimated using DPV measure-
ments for real time application Fig. S1.T The results corroborate
excellent sensitivity and reliability for real time applications in
pharmaceuticals and real water samples, with recovery rates
more than 95% (Table 2).

Computational insight of the electrochemical sensing

Quantum chemical calculations hold a special position for
their step-by-step mechanistic insight***®* and probing elec-
tronic and allied features guiding chemical processes.”® We
attempted computational approach using density functional
theory (DFT) for an insight of Ru(u) half sandwich electro-
chemical sensing process. Ru(u) half sandwich electro-
chemical sensor molecule was first optimized and its frontier
molecular orbitals (FMO) were generated for prediction of
possible supra interactions Fig. 10. The evaluated chemical
descriptors indicated structure-activity based response for
observed differences in rifampicin and isoniazid analytical
figure of merit towards Ru(u) half sandwich electrochemical
sensor. The charge distribution patterns on optimized struc-
tures (esp plots) of Ru(u) half sandwich sensor, rifampicin and
isoniazid are shown in Fig. 11 with red and blue spots
depicting electron rich and electron deficient centres
respectively.

The charge distribution in the electrostatic potential plots of
RIF and INH corroborate with their dnorm surface Fig. 12. As
can be seen from Fig. 10-12 that red spots are located on elec-
tronegative O,N,S and Cl centres, while as blue spots are located
on hydrogen atoms of N-H and O-H groups in case of INH and
RIF molecules indicating donor as well as acceptor type inter-
molecular hydrogen bonding interaction. Rifampicin molecule
can be seen to be a nonplanar structure compared to isoniazid

Fig. 11 Optimized structure with calculated electrostatic potential of
(A) isoniazid, (B) rifampicin and (C) Ru(i) half sandwich electrochemical
sensor computed using DFT at B3LYP/6-311G(d,p) and B3LYP/
LanL2DZ level of theory for analytes and sensor respectively.

7014 | RSC Adv, 2025, 15, 7004-7017
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Fig. 12 Comparative d norm surface plots of: (A) isoniazid and (B)
rifampicin.

allowing for its weaker pi-pi stacking interactions compared to
the isoniazid. In addition, C-H bonds of aromatic rings
undergo a strong intermolecular C-H---pi intermolecular
interaction.

The presence of red and blue spots indicate donor acceptor
type intermolecular interaction, additional red spots in case of
RIF Fig. 12B, predict its stronger hydrogen bonding affinity
compared to INH. The quantification of different plausible
intermolecular non covalent interactions that RIF and INH can
develop with the Ru(u) half sandwich electrochemical sensor
were also evaluated from their two-dimensional fingerprint
plots of Hirshfeld surfaces analysis Fig. 13.

The analysis of observed fingerprint plots confirmed
stronger hydrogen bonding ability of rifampicin (21%) over
isoniazid (14%). The H—all interactions were observed to be
higher in rifampicin (81.9%) than in isoniazid (60.9%). In
addition isoniazid shows higher percentage of C-C and H-C
type of intermolecular interaction compared to rifampicin
predicting its propensity towards pi-pi stacking and C-H:--pi
type interactions with the Ru(u) half sandwich electro-
chemical sensor. The predicted interactions between isoni-
azid and electrochemical sensor were confirmed from their
observed orientation, distance and angle measurements in
the computationally optimized Ru(n) sensor and isoniazid
adduct Fig. 14. Furthermore, Ru(u) half sandwich complex
was able to sense naphthalene also which corroborates the
development of pi-pi and C-H---pi interactions Fig. S2.7
Based on FMO studies, 2D finger print and esp plot analysis,
supra decoratory influence of substituents on Ru(u) half
sandwich electrochemical sensor building diverse intermo-
lecular non-covalent interactions can be invoked as the
plausible explanation for its electrochemical sensing mecha-
nism of TB drugs. Supradecoration induced electrochemical
sensing refers to the development of customized supramo-
lecular systems capable of complimentary interactions
between electroanalyte and electrochemical sensor towards
their desired sensing application.®® Our observations
conclude that relatively higher hydrogen bonding ability of
rifampicin allows for its better analytical figure of merit and
higher sensitivity compared to the isoniazid drug. The pi-pi
stacking and C-H---pi interaction in addition to hydrogen
bonding are major interactions between isoniazid and Ru(u)
electrochemical sensor Fig. 14.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparative 2D finger print plots highlighting relative propensity of intermolecular contacts developed by analytes (isoniazid and

rifampicin) with electrochemical sensor.

Fig. 14 Supra-interactions of isoniazid with Ru(i) electrochemical
sensor: (A) C—H---pi (B) pi—pi stacking interaction in addition to
hydrogen bonding between N-H---Cl.

Conclusions

The features of immobilization-free electrode, greater flexibility,
ease of use with good reproducibility and stability make
homogeneous electrochemical sensing desirable over heterog-
enous sensors for selective detection of sensitive analytes. This
work describes design and optimization of novel Ru(u) half-

© 2025 The Author(s). Published by the Royal Society of Chemistry

sandwich complex as homogenous electrochemical sensor for
simultaneous estimation of first-line TB drugs (isoniazid and
rifampicin) in aqueous acetonitrile environments. The
comparative electrochemical profiling of RuCl; and Ru(u) half-
sandwich complex using cyclic voltammetry, and electro-
chemical impedance spectroscopy (EIS) confirmed significant
improvement in electrochemical parameters desirable for
electrochemical application withstood analytical figure of merit
for simultaneous estimation of binary TB drug mixture. Supra
interactional propensity has been presented as plausible
mechanism of homogenous electrochemical sensing, with
relative supra interactional propensity in terms of hydrogen
bonding, pi-pi stacking and van der Waals interaction as
underlying reason for higher sensitivity and limit of detection
for rifampicin compared to isoniazid observed from DPV anal-
ysis of their binary mixtures. The detection limit and sensitivity
of synthesized Ru(u) sensor has been compared with satisfac-
tory remarks to other GCE modified electrodes for selected
antibiotic contaminants. The synthesized sensor besides
expressing excellent stability and reproducibility depicted more
than 95% recovery post spike in municipal water supplies, lake
water and pharmaceutical formulations portraying real time
sensing application. Computational studies corroborated
supradecoratory mechanism of electrochemical sensing and

RSC Adv, 2025, 15, 7004-7017 | 7015
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highlighted diverse non covalent interactions developed by
cymene ring, chloride and valine ligands in the Ru(u) half
sandwich sensor with the isoniazid and rifampicin analytes.
Taken together this case study aims to invoke the concept of
supradecoration induced homogenous electrochemical
sensing, which can be of high value in deigning homogeneous
sensors for detection of sensitive analytes.

Data availability

Primary research results are presented for supradecoration
induced homogenous electrochemical sensing: development of
Ru(u) half sandwich complex as isoniazid and rifamipicin dual
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data were generated or analyzed as part of this submission.
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