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Abstract

Herein, we explored the synergistic effect of ionic liquids as anticancer and antibacterial agents to avoid available
combination therapies. We synthesized an API-based ionic liquid (IL) designated as [Pro-pip]SAL to meet our objec-
tives. This compound features a cationic moiety derived from procaine and 1,3-benzodioxole, tagged with a salicylate
salt as the anionic counterpart. Molecular docking studies showed that interaction is polar involving H-bonding and
van der Waal forces. Spectroscopic studies were carried out to validate the results of computational studies for the
binding interaction mechanism of [Pro-pip]SAL IL with bovine serum albumin (BSA). The UV-visible spectra showed
an increase in absorbance intensity with bathochromic shift, and fluorescence spectra showed static quenching with
bathochromic shift revealing that polar interaction played an important role in the interaction between Pro-pip]SAL
IL with BSA. CD spectra showed no significant change in the secondary structure of BSA. The antibacterial study
revealed that IL showed significant activity against Staphylococcus aureus (gram-positive) bacteria and no effect was
observed on E. coli (gram-negative) bacteria. Cytotoxicity study on Vero cell line (non-cancerous cell line; kidney
epithelium cells of African green monkey) showed ICs, values 207.95 +1.25 pM. Cytotoxicity analysis of [Pro-pip]
SAL IL on A549 cell lines revealed antiproliferative properties with an ICs, value of 54.55 +0.22 pM. This study
interpreted that Pro-pip]SAL IL could be used as an anticancer and antibacterial drug, warranting further exploration
and development in these therapeutic areas.
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Introduction Impressively, it contributes 57% of APIs to the prequalified

list of the WHO, further cementing its position as a sig-

India’s pharmaceutical sector is a vital contributor to its
economy, accounting for approximately 1.72% of its GDP.
With over 500 different active pharmaceutical ingredients
(APIs) manufactured locally, it is the third-largest market
globally, holding an impressive 8% share in the API industry.
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nificant player in the pharmaceutical sector (English Annual
Report 2020-21.pdf (pharmaceuticals.gov.in). An API is a
biologically active component of a medication that produces
its intended therapeutic effect, which can be synthesized
chemically or derived from natural sources such as plants
or animals. They are the molecules that interact with specific
targets in the body to produce the desired pharmacological
activity [1-5]. Pharmaceutically active compounds in solid
form present several challenges that can impact their effec-
tiveness. Crystalline forms often exhibit low bioavailability
due to poor solubility, while amorphous compounds may
face issues related to handling and manufacturing, includ-
ing polymorphic transitions and spontaneous crystallization.
These factors can hinder the performance and stability of
traditional API formulations [6—8]. To mitigate the limita-
tions of conventional APIs, extensive research has focused
on exploring alternative delivery mechanisms. These include

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-025-06082-x&domain=pdf

3094

lonics (2025) 31:3093-3104

strategies such as adsorption onto high surface area carri-
ers, crystal engineering, micellar formulations, nano-sus-
pensions, prodrug strategies, solid dispersions, and liquid
salt formation. Notably, the conversion of APIs into liquid
salts or the use of ionic liquid as an ionizing agent has dem-
onstrated considerable potential in enhancing bioavailability
and resolving challenges associated with polymorphic trans-
formations [9-11].

A novel API-based ionic liquid salt formation approach
is widely considered a viable solution to enhance their
therapeutic efficacy. API-based ionic liquid refers to using
ionic liquids in pharmaceutical applications, where the
ionic liquid serves as API [12—14]. Tonic liquids (ILs) are
a class of salts that exhibit liquid-like properties at or near
ambient temperatures and are solely composed of ions.
Ionic liquids have been investigated as potential drug can-
didates due to their unique properties, such as their ability
to dissolve a wide range of compounds and low toxicity
[15-19]. They have been explored for their potential in
drug delivery, where they can be employed to enhance
the solubility and bioavailability of poorly soluble drugs
[20, 21] In recent years, research has been focused on the
development of ionic liquids based on APIs such as ibupro-
fenate [8], docusate [22], ampicillin [23], procaine [24, 25],
lidocaine [26-29], dacarabazine [30, 31], indomethacin,
mebendazole [32], salicylate [29, 33], levofloxacin [34],
and many more. This captured the interest of researcher
to develop more suitable drugs with manifold therapeutic
effects.

In this research, an innovative active pharmaceutical
ingredients-based ionic liquid drug is synthesized which will
offer multiple-function and synergistic effects in one drug.
This approach can minimize the use of unnecessary chemi-
cals by reducing the number of excipients and other ingredi-
ents added to the drug to maintain its solid form for delivery.
So, an API-based IL synthesized by combining 1,3-benzo-
dioxole moiety (central moiety of many natural APIs hav-
ing anticancer properties) [25, 28, 31, 35-39], procaine
(local anesthetic, DNA methylation inhibitor) [24, 40-42],
and salicylate salt (NSAID, nonsteroidal anti-inflammatory
drug) [29, 31, 43]. The synthesized ionic liquid ([Pro-pip]
SAL) was examined using NMR and IR spectroscopy to
confirm structural integrity. Further, the interaction of
[Pro-pip]SAL with BSA was investigated by computational
studies (molecular docking, molecular dynamic simulation),
and spectroscopic techniques (UV-visible, fluorescence,
circular dichroism spectroscopy). Antibacterial studies of
synthesized ionic liquid studied on Staphylococcus aureus
(gram-positive) (MSSA 29213) and E. coli (gram-negative)
bacteria strains and cytotoxicity assay studied on a non-
cancerous cell line, Vero cell line, kidney epithelium cells
of African green monkey.
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Experimental
Materials

BSA (bovine serum albumin) was purchased from Merck
and stored at 4 °C. Procaine, piperonyl alcohol, sodium
salicylate, phosphorous tribromide, phosphate buffer tablets,
analytical grade solvents, and reagents were procured from
TCI and Thomas Baker.

All the spectroscopic studies were performed using stock
solutions of BSA (1 and 5 uM) prepared in phosphate buffer
(10 mM, pH 7.4).

Synthesis of [Pro-pip]SAL

Piperonyl bromide was synthesized by reaction of equimo-
lar ratio of piperonyl alcohol with PBr; in a round bottom
flask containing dry diethyl ether. [Pro-pip]Br ionic liquid
was synthesized using a synthetic route as per our previous
research by doing a quaternization reaction of procaine with
piperonyl bromide (detained synthesis procedure in SI). Fur-
ther, [Pro-pip]SAL (2-((4-aminobenzoyl)oxy)-N-(benzo[d]
[1,3]dioxol-5-ylmethyl)-N,N-diethylethan-1-aminium
2-hydroxybenzoate) was synthesized by metathesis reac-
tion of [Pro-pip]Br IL with salicylate salt in equimolar ratio
in ethanol. After reaction completion, ethanol was evapo-
rated followed by desolvation of residue in dichloromethane
and filtration to remove byproduct. In the last step, dichlo-
romethane evaporated to get the desired ionic liquid [25,
28] (Scheme 1).

Characterization

'H & '*C NMR spectroscopy studies for [Pro-pip]SAL ionic
liquid performed on Jeol INM-ECZ 400S NMR spectropho-
tometer, FTIR studies performed on Bruker Alpha-II FTIR
spectrophotometer and HRMS studies performed on Agilent
G6530AA HRMS.

Characterization data

'H-NMR (400 MHz, DMSO-d6) §: 7.72-7.63 (m, 4H),
6.88-6.55 (m, 7H), 6.09 (s, 2H), 5.74 (s, 2H), 3.58 (s, 2H),
3.45-3.41 (m, 2H), 3.21-3.15 (m, 2H), 2.51-2.47 (m, 4H),
1.22 (td, J=7.2, 2.7 Hz, 6H); 3*C-NMR (100 MHz, DMSO-
d6) 8: 8.6, 46.13,49.5, 53.28, 54.95, 100.85, 108.1, 112.42,
112.65, 112.72, 116.12, 117.01, 120.3, 120.86, 127.27,
130.12, 131.41, 132.61, 147.34, 147.32, 148.84, 153.89.
162.14, 172.18; FTIR (cm™Y): 3311, 3208, 3055, 2983,
1701, 1599, 1448, 1443, 1263, 1173, 1101, 1038, 927, 845,
806, 731, 702; HRMS m/z: 371.1973. The ionic liquid SAL
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Scheme 1. Synthesis route of [Pro-pip]SAL IL

IL was synthesized multiple times and thoroughly charac-
terized using NMR, FTIR, and HRMS techniques. These
analyses confirmed the high purity of the ionic liquid, and
no impurities were detected in the sample (Figure S1-S2).

Methods
In silico study

Bovine serum albumin protein 3D crystal structure (PDB ID:
4f5s) was saved from PDB (https://www.rcsb.org/) with a reso-
lution of 2.70 A and prepared using Biovia Discovery Studio
Visualizer [44—46]. In preparation for receptor protein water
molecules, heteroatom was removed and polar hydrogens were
added followed by the addition of Kollman charges for charge
neutralization. The receptor files were saved in.pdb format.
The three-dimensional structure of the protein was validated
through the Ramachandran plot which was obtained from the
PROCHECK server. 3D-structure of ligands (procaine and
[Pro-pip]SAL) prepared in ChemDraw and energy optimi-
zation done in ChemDraw 3D using MM94 force field and
saved as.mol2 format [47-49]. Molecular docking of BSA
with ligands was performed using Hex 8.0.0 CUDA server
using a fast Fourier algorithm [50-52]. The molecular docking
results were further confirmed by using AutoDock Vina [53].
The grid box size is crucial for identifying the area involved in

Metathesis o o
T o) RT, 12h, Ethanol H,N >
) < =
(o}
OH

active site docking. The gird box dimension in AutoDock was
set to center (x=234.888, y=23.991, z=98.766) with a size of
40x40x40 and with exhaustiveness of 8. Pharmacological
and pharmacokinetic properties of ionic liquids studies using
pkCSM online tool [54-57].

Spectroscopic methods
UV-visible and fluorescence spectroscopy

To understand the binding interaction of [Pro-pip]SAL with
bovine serum albumin UV-visible absorption, spectra were
recorded on Perkin Elmer Lambda 365(+) spectrophotom-
eter at 298 K using quartz cuvettes of 1 cm path length in
the 200-700 nm wavelength region. The fluorescence spectra
were recorded on a Perkin Elmer FL. 8500 fluorescence spec-
trometer. The absorption and emission spectra of BSA were
recorded by varying concentrations of ionic liquid from O to
100 uM at pH 7.4. The instrument parameters were as follows:
excitation wavelength of 280 nm, fluorescence emission wave-
length range of 290-500 nm, slit width of 5 nm, excitation
potential of 350 V, and scan rate of 240 nm/min.

It is important to remove the internal filter effect (IFE) as
it may result in a decrease in the amount of light that reaches
the center of the solution or the detector if there is strong
absorbance of the quencher (ILs) near the excitation/emission
wavelength region of the fluorophore (BSA). It can lead to a
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situation where the emitted light may not be able to reach the
detector fully. Equation (1) was used to correct the fluores-
cence data to nullify IFE.

Fcorrected = Frecorded x 10lGextiem)/2]
Frecorded and Fcorrected = Recorded and corrected fluorescence intensity of BSA

A ex and A em = Absorbances at excitation and emission wavelengths

()
Circular dichroism spectroscopy

To get an insight into conformational changes in the 2° struc-
ture of BSA on interaction with [Pro-pip]SAL far-UV circu-
lar dichroism spectra were recorded. The CD titration was
carried out by keeping the fixed concentration of BSA at 1
UM and varying the concentration of [Pro-pip]SAL from 0
to 3 uM using a cuvette of 1 cm path length at 298 K, pH 7.4
and under a nitrogen environment on JASCO-CD polarimeter
(J-815). The CD spectra were observed in range (200-260
nm) with 100 nm/min scan speed and of 1s response time.

Antibacterial activity study

Spot assay: The antimicrobial susceptibility assay evaluated
the antimicrobial potential of synthesized [Pro-pip]SAL IL and
procaine (control) in Staphylococcus aureus (gram-positive)
(MSSA 29213) and E. coli (gram-negative) bacteria strains.
Both bacteria strains were cultured overnight in Luria Bertani
and muller Hinton broth and agar plates and spread in equal
quantities on respective agar plates. Fifty-millimeter concentra-
tion of [Pro-pip]SAL and procaine each were added to respec-
tive wells in agar plates to assess their antimicrobial poten-
tial against tested strains. Ampicillin, an antibiotic drug, and
dimethyl sulfoxide (DMSO) were used as positive control and
solvent respectively for the compounds. Absolute DMSO was
used as a control to normalize the effect of DMSO on the com-
pound activity. The agar plates were incubated at 310 K and
then the antimicrobial activity of [Pro-pip]SAL IL and procaine
(control) was measured in the form of the zone of inhibition.

Culture of animal cell line

Vero cells (normal, kidney epithelium cells of African
green monkey) were cultured in Dulbecco’s Modified Eagle
Medium accompanied with fetal bovine serum (10%) and
penicillin—streptomycin with a continuous supply of 5% CO,
at 310 K in a CO, incubator.

Vero cell cytotoxicity assay
Cell viability of Vero cell was inspected using

(3-(4,5-dimethylthiazole-2-yl)—2,5-biphenyl tetrazolium
bromide (MTT) assay. After the culture reached sufficient
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confluency, cells were harvested with 0.25% trypsin-EDTA.
Cell counting was done with a hemocytometer. In 96 well
plates, 1x 10* cells/well were seeded and incubated for 24 h
in a CO, incubator for cell attachment and growth. After 24 h,
[Pro-pip]SAL IL and procaine (control) with varying concen-
trations (starting from 1000 pM as the highest concentration)
were introduced to the culture plates and incubated for 48 h.
The viability of the treated cell culture with [Pro-pip]SAL IL
and procaine (control) was assessed after 48 h of incubation.
The wells were gently washed with 1X phosphate buffer saline
(PBS) to remove the [Pro-pip]SAL IL and procaine (control)
and 20 pl MTT salt solution (5 mg/mL in 1X PBS) and incu-
bated at 310.15 K. After 3 h of incubation, DMSO was used to
solubilize the formazan crystal and incubated for 30 min. The
96 well plates were then observed for absorbance in the Syn-
ergy H1 microplate reader at 570 nm (Figure S14). IC;, values
were calculated for [Pro-pip]SAL IL and procaine (control).

Culture of human cell line

For the anti-cancer study, Dulbecco’s Modified Eagle
Medium was used to culture A549 cells (human lung ade-
nocarcinoma cells). The medium was supplemented with
fetal bovine serum (10%) and penicillin—streptomycin with
a continuous supply of 5% CO, at 310.15 K.

A549 cell viability assay

Cell viability was investigated with an MTT assay. After the
culture reached sufficient confluency, cells were harvested with
0.25% trypsin—-EDTA. Cell counting was done with a hemo-
cytometer and in 96 well plates 1 x 10* cells/well were seeded
and incubated for 24 h in a CO, incubator for cell attachment
and growth. After 24 h, test compounds ([Pro-pip]SAL IL and
procaine) with varying concentrations (starting from 1000 pM
as the highest concentration) were added to the culture plate and
incubated for 48 h. The viability of the treated cell culture with
test compounds was assessed after 48 h of incubation. The wells
were gently washed with 1X phosphate buffer saline (PBS) to
remove the test compounds and added MTT salt solution (5 mg/
mL in 1X PBS) was then incubated at 310.15 K. After 3 h of
incubation, DMSO was used to solubilize the formazan crystal
and incubated for 30 min. The 96 well plates were then read
for absorbance with a microplate reader at 492 nm. ICs, values
were calculated for [Pro-pip]SAL IL and procaine.

Result and discussion
In silico study: molecular docking investigation

To get a comprehensive understanding of the interaction
between a protein and a ligand, it is crucial to visualize
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the most probable binding sites and the various types of
interactions that occur. Molecular docking has emerged as
the preeminent method to investigate these binding inter-
actions. These cutting-edge techniques provide an in-depth
understanding of the molecular-level interactions between
the protein (fluorophore) and the ligand (quencher) and
confirmation of experimental results. BSA (protein), [Pro-
pip]SAL (ligand), and control prepared in Biovia Discov-
ery Studio, and Ramachandran plot of BSA (4f5s) revealed
that 91.9% residues were present in the most favored region

Table 1 Binding affinity of procaine(control) and [Pro-pip]SAL IL

Compounds HEX (kcal/mol) AutoDock Vina (kcal/mol)
Procaine (control) —240.21 —-6.7
[Pro-pip]SAL IL —328.08 —8.0cat/ — 6.0an

C | Bys:132
B:PHE:133

B:GLU:182

E‘ARG:ISS

and respectively (Figure S3). Molecular docking was per-
formed in the HEX 8.0.0 CUDA server (Figures S4-S8) and
confirmed by AutoDock Vina with docking of cation and
anion separately. Docking results revealed that the binding
affinity of ionic liquid was better compared to the control
molecule (procaine) (Table 1). Binding interactions of the
protein with ligands were further analyzed in the Biovia Dis-
covery Studio visualizer and active sites of protein bonded
with ligands were shown in Fig. 1, Table 2 and with control
molecule (procaine) shown in Figure S9-S12 (Supporting
information).

Hydrogen bonds were observed in the visualization of
the binding interaction between the cationic and anionic
parts of ionic liquid with BSA (protein). These H-bonds
were assumed as polar interactions between protein and
ligand. Molecular properties and ADMET properties for

b
%
O

.. O. [
VAL:188
@ O

BiLEU:115 e h:PRO:ll?
A:lLE:141
[ BilLE:141 h:LEU:llS
Interactions Interactions
D van der Waals - Pi-Anion l:l van der Waals - Pi-Pi T-shaped
- Attractive Charge |:] Pi-Alkyl - Attractive Charge :I Pi-Alkyl

- Conventional Hydrogen Bond

- Conventional Hydrogen Bond

Fig. 1 a Interaction between BSA with cationic part of [pro-pip]SAL IL. b Interaction between BSA with anionic part of [pro-pip]SAL IL.
¢ 2D-Interaction between amino acid residues of BSA with cationic and anionic part of [pro-pip]SAL IL
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Table 2 Binding interaction of amino acid residues of BSA with [Pro-pip]SAL IL

Binding interaction

Amino acid residues of BSA showing binding interaction with [Pro-pip]SAL IL

Van der Waals

PHE133, LYS132, LEU122, LEU115, TYR160, TYR137, ILE141, GLU182,

PRO117, VAL188, MET184

Attractive charge
Conventional hydrogen bond

GLU125, ARG185
LYS136;ILE181, TYR137

Pi-anion GLU140
Pi-alkyl ILE181, PRO117, ARG185
Pi-pi T-shaped TYR160

BSA + [Pro-pip]SAL IL
—o—QuL
—e—10pL
20uL
—e—30pL
40pL
—e—50uL
60uL
—e—70uL
—e—380pL
—e—90pL
—e— 100pL

Absorbance (a.u.)

240 260 280 300 320 340 360
Wavelength (nm)

Fig.2 UV-visible absorption spectra of BSA with different molar
concentrations of [Pro-pip]SAL at 298 K

[Pro-pip]SAL IL and control molecules are presented in
Tables S1-S2.

UV-visible and fluorescence spectroscopy

UV-visible spectroscopy is one of the adequate procedures
that is used to analyze the protein-ligand interaction and to
explore changes in the structure of protein. BSA (bovine
serum albumin) exhibited absorption peaks in two wave-
length regions 200-240 nm and 260-300 nm correspond-
ing to n-w* transition in polypeptide backbone framework
and m-7* transition in aromatic amino acid residues: Trp,
Tyr, Phe, respectively. UV—visible absorption study of BSA
showed BSA exhibited a peak at 278 nm due to n-n* transi-
tion. To understand the interaction of [Pro-pip]SAL ionic
liquid with BSA absorption spectra of BSA recorded with
different molar concentrations of [Pro-pip]SAL ionic liq-
uid. Due to the successive addition of IL to BSA, a change
in absorbance intensity was observed suggesting perturba-
tion in the secondary structure of protein. An increase in
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100000+ > BsA BSA + [Pro-pip]SAL IL
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Fig.3 Fluorescence emission spectra of BSA with different molar
concentrations of [Pro-pip]SAL at 298 K

the concentration of [Pro-pip]SAL ionic liquid increases the
absorption intensity of BSA along with the bathochromic
shift of 11 nm (278 to 289 nm) (Fig. 2). A change in absorb-
ance near 280 nm suggested a change in aromatic amino acid
residues vicinity in the presence of ionic liquid.

The fluorescence intensity exhibited by a fluorophore is
significantly influenced by the conditions in its immediate
environment. As a result, fluorescence spectroscopy is an
efficient method for exploring the molecular environment
that surrounds chromophore molecules. By utilizing this
technique, an insight was attained about the chemical and
physical properties of fluorophore molecules and the inter-
actions that occur between fluorophore (BSA) and ligand
([Pro-pip]SAL) and their surrounding environment. The
fluorescence emission maximum for BSA was observed
at 340 nm for Trp amino acid residues. With the increased
concentration of [Pro-pip]SAL ionic liquids in BSA the
emission intensity gradually decreased with a bathochro-
mic shift of 15 nm (340 to 355 nm) (Fig. 3). Both UV-vis-
ible and fluorescence spectra studies disclosed that the sur-
rounding microenvironment around the fluorophore (BSA)
changed due to the binding of the drug ([Pro-pip]SAL)
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with the active residue of BSA and the bathochromic shift
showed that the polarity around the tryptophan amino acid
residues had increased leading to increased hydrophilicity.

Fluorescence quenching mechanism

Fluorescence quenching is a well-known method that
effectively reduces the fluorescence intensity of a sample.
Through various molecular interactions with excited state
fluorophores, such as collision quenching, energy transfer,
ground-state complex formation, and molecular rearrange-
ment. Fluorescence quenching is governed by two distinct
mechanisms, namely dynamic and static quenching. In
dynamic quenching mode, the fluorophore (protein) and
quencher molecules (drug) collide resulting in the transfer

% =1+ Ksv[Q] = 1 + kqro[Q]

3099
Table 3 Stern—Volmer plot parameters

Tonic liquid K, (Lmol™) K, (Lmol's™) SD R’
[Pro-pip]SAL  3.14x10* 3.14x 102 1.06  0.95259

of energy from the excited state of the fluorophore to the
quencher. On the other hand, static quenching involves the
formation of a ground state complex between the fluorophore
(protein) and quencher (drug). The ground state of complex
is non-fluorescent and, therefore, reduces the overall fluo-
rescence intensity. The quenching constant value obtained
from calculations based on the Stern—Volmer plot was used
to find out the mode of quenching. Using the Ster-Volmer
equation (Eq. 2) K, and K were determined.

Fo and F = Fluorescence intensity in absence and presence of quencher respectively

Ksv = Stern volmer dynamic quenching constant
Kq = Biomolecular quenching constant

@

[Q] and to = Free concnetration of Drug and lifetime of protein respectively

For BSA value of T, is~10% s™! (lifetime of BSA in
excited state). Stern—Volmer plot derived between F_/F Vs
[Q] using Eq. 2, where slope gave a value of K, and K at
298 K (Fig. 4, Table 3). The value of Kq calculated, i.e.,
K =3.14x 10'2M~!s7!, from the graph was larger than the
maximum diffusion rate of BSA (~2x 10'° M~'s™!) which
confirmed the complex formation between BSA and [Pro-
pip]SAL by static quenching mechanism.

45

Equation y=a+b*x

Plot FolF 0
40 | Intercept 0.70382 + 0.13068

Slope 31391 £ 2208.94853 (+ )

3.5

3.0
[T
525
(18

2.0

1.5

1.0

05 1 1 1 1 1
0.00000 0.00002 0.00004 0.00006 0.00008  0.00010
Concentration (Q)

Fig.4 Stern—Volmer plot for BSA Vs different molar concentrations
of [Pro-pip]SAL at 298 K

Binding and thermodynamic parameters

To get an insight of complex formation in the ground state
between fluorophore (BSA) and quencher ([Pro-pip]SAL),
Eq. 3 was used and the number of binding sites was deter-
mined from the slope and binding constant determined
from the intercept of the plot log((F,-F)/F,)) Vs log[Q]
(Fig. 5).

0.6 |-Equation y=a+b*x
Plot | log((Fo-F)IF) 9
Intercept 5.58706 + 0.20879
04 Siope 1.28518 £ 0.04795
0.2 |
™
=
i 0.0 |
o
L
=-0.2 +
<)
o
-0.4
-0.6 |
-0.8
1 1 1 1 1 1
-5.0 -4.8 -4.6 -4.4 -4.2 -4.0
log (conc.)

Fig.5 Modified Stern—Volmer plot for BSA Vs different molar con-
centrations of [Pro-pip]SAL at 298 K
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logFOF—;F = log Kb+ n log[Q]
Kb = Biomolecular binding constant 3
n = number of binding sites

The number of binding sites was ~ 1 that means BSA and
[Pro-pip]SAL bonded in a 1:1 ratio, and the K, value was
3.86x 10° Lmol~! which lies in the range 10° —~10% Lmol~!
suggesting that the binding strong interaction occurred
in protein-drug complex (Table 4). Further spontaneity
of complex formation was checked using Eq. 4 and AG®
(Gibbs free energy) of protein-drug complex formation cal-
culated. Negative Gibbs free energy value (—31.87 kJ/mol)
employed that complex formation was spontaneous process.

AG° = — RTInKb )

Circular dichroism spectroscopy

CD spectroscopy is used for the quantitative study to learn
about conformational changes that happened in the second-
ary structure of protein because of ligands . Here, CD spec-
tra of BSA (1 uM) were recorded with different concentra-
tions of [Pro-pip]SAL IL.(Fig. 6) Two negative peaks were
observed at 208 and 222 nm for 1 — n* and n — * transi-
tion, respectively. Minor changes in spectra on addition of
IL depicted slight changes in the microenvironment of BSA.
When checked with BetSel online server (BeStSel-Protein
Circular Dichroism Spectra Analysis (elte.hu)) no change
was observed in the a-helical percentage and secondary
structure of BSA when IL concentration was thrice the con-
centration of BSA. This depicted that the structure of BSA
is stabilized and does not undergo structural changes in the
presence of a high concentration of [Pro-pip]SAL IL.

Antibacterial activity

The antimicrobial effects of tested compounds [Pro-pip]
SAL IL and procaine (control) were assessed against
Staphylococcus aureus (gram-positive) (MSSA 29213)
and E. coli (gram-negative) bacteria by spot analysis (Fig-
ure S13). From zone of inhibition (ZOI) interpretation as
compared with ampicillin (control), it was observed that
[Pro-pip]SAL IL showed strong antibacterial activity

Table 4 Modified Stern—Volmer plot parameters

Tonic K, n SD R? AG (KJ/
liquid (Lmol™) mol)
[Pro-pip] 3.86x10° 1.28+0.04 041141 098761 —31.8732

SAL
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BSA + [Pro-pip]SAL IL
-Q-0uM

205 210 215 220 225 230 235
Wavelength (nm)

Fig.6 CD spectra of BSA at different molar concentrations of [Pro-
pip]SAL IL

against gram-positive bacteria at different concentrations.
However, there was no effect on gram-negative bacteria and
procaine (control) did not exhibit any antibacterial activity
(Fig. 7).

Compound Zone of inhibition
Ampicillin 22

[Pro-pip]SAL 16.5

Procaine *

*No zone of inhibition observed

25
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Fig.7 Zone of inhibition study for [Pro-pip]SAL IL and procaine
(control) in comparison with Ampicillin against S. aureus
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Fig.8 Cytotoxicity analysis of Pro-pip]SAL IL and procaine (control) on Vero cell line

Vero cell cytotoxicity assay

The cytotoxicity evaluation against the Vero cell line for
Pro-pip]SAL IL and procaine (control) was shown in Fig. 8.
The starting experimental concentrations of all the test com-
pounds were 1000 uM. [Pro-pip]SAL IL and procaine (con-
trol) possess cytotoxicity activity against kidney epithelium
(Vero) cells. [Pro-pip]SAL IL and procaine (control) revealed
the cytotoxic activity with ICy, values 207.95+1.25 pM and
921.1+0.2 uM, respectively. [Pro-pip]SAL IL showed lower
ICs, values compared with procaine (control).

A549 cell cytotoxicity assay

The cytotoxicity evaluation against the A549 lung cancer
cell line for Pro-pip]SAL IL and procaine (control) was
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shown in Fig. 9. The starting experimental concentrations
of all the test compounds were 1000 pM. [Pro-pip]SAL
IL and procaine (control) showed anti-proliferative activ-
ity against the human lung adenocarcinoma cells. [Pro-
pip]SAL IL displayed a better anticancer potential with
ICs, values 54.55 +0.22 pM than procaine which exhib-
ited IC5, 75.485 +0.205 pM respectively which is better
than reported data by S. Sewariya et al. on cytotoxicity of
noscapine based ionic liquid (consisting of 1,3-benzodi-
oxole motif) [58]. In literature, procaine was studied for
anticancer studies for lung cancer cell line [59, 60]. Thus,
[Pro-pip]SAL IL consisting of 1,3-benzodioxole motif,
procaine, and pharmaceutically active salicylate anion
showed better antiproliferative activity than reported lit-
erature data and can be further used as therapeutic for
cancer treatment.
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Fig.9 Cytotoxicity analysis of Pro-pip]SAL IL and procaine (control) on A549 lung cancer cell line
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Conclusion and futuristic aspects

In conclusion, the synthesized ionic liquid [Pro-pip]SAL
exhibits promising potential in pharmaceutical development,
particularly due to its dual antibacterial and anticancer activ-
ities. The molecular docking studies revealed that [Pro-pip]
SAL interacts with bovine serum albumin (BSA) through
polar interactions and hydrogen bonding, which was further
confirmed by UV-visible and fluorescence spectroscopic
analyses. These results suggest that [Pro-pip]SAL induces a
polar environment around BSA, without significantly alter-
ing its secondary structure, as indicated by circular dichro-
ism (CD) spectra. The antibacterial activity of [Pro-pip]SAL
against Staphylococcus aureus (gram-positive) bacteria,
with a zone of inhibition (ZOI) of 16.5 mm, demonstrates
its potential for developing new antimicrobial agents while
showing no effect on Escherichia coli (gram-negative) when
compared with Ampicillin. Cytotoxicity study of [Pro-pip]
SAL IL on Vero cell line showed ICs, values 207.95+1.25
pM. Additionally, its significant antiproliferative activ-
ity against A549 lung cancer cells, with an 1Cs, value of
54.55+0.22 pM, underscores its potential as an anticancer
agent. The unique dual therapeutic properties of [Pro-pip]
SAL make it a highly promising candidate for the develop-
ment of innovative treatments aimed at combating both bac-
terial infections and cancer. Its remarkable ability to address
these two serious health concerns suggests that it could play
a significant role in creating effective medical therapies that
target multiple aspects of disease simultaneously.
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