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ABSTRACT: Bacterial resistance against antimicrobial drugs is a forth-
coming threat to the prevention and treatment of developing bacterial
infections. Hence, the development of new antimicrobial therapy or
therapeutic drugs is desperately needed. A combination of antibiotics
exhibits synergistic antibacterial effects. As the combination approach of
antibiotics has always shown better results against pathogens compared to
monotherapy with an antibiotic, we focused on creating a new combination
that may reduce the chances of strains attaining resistance, consequently
lowering the toxicity factor associated with the consumption of high amounts
of antibiotics. Nisin, a food preservative and potential antibiotic, shows ¥

antibacterial activity against Gram-positive strains. Since the past decade, i’ FACS
ionic liquids (ILs) have proven to be an important class of potential kv
antibacterial agents. In our study, we studied the effect of pyrrolidinium-

based ILs and arrived at a noncovalent conjugate formed by combining nisin with ILs. The conjugates were tested against a couple of
clinically relevant microorganisms, namely, Escherichia coli and Staphylococcus aureus. We reached a novel discovery that the
combination of sodium/iodide symporter (NIS) and IL exhibited inhibitory effects against Gram-negative bacteria, which was not
observed with NIS alone. The results showed remarkable improvement in the minimum inhibitory concentration (MIC) value of
NIS in the presence of ILs targeted against both microorganisms. Further, flow cytometry and confocal microscopy results revealed
the membrane disruption efficiency of the best combination obtained, leading to cell death. Additionally, the complexation of nisin
and ILs was studied using various techniques, such as surface tension, dynamic light scattering, absorption spectroscopy, and
molecular docking.
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1. INTRODUCTION liquids can enhance the antibacterial activity of antibiotics."
Although ionic liquids (ILs) are potential antibiotics for the
treatment of various infections, conventional antibiotics today
are prime sources for treatment and cannot be replaced fully.
Therefore, combining them with antibiotics (AMPs) can
increase the life span and also increase the antibacterial activity
of antibiotics.’

Nisin is a cationic polypeptide containing 34 amino acids,
which originates from Lactococcus lactis and is minimally toxic,
odorless, colorless, and tasteless.’ Naturally occurring nisin Z
has asparagine at the 27 position, which differentiates it from
other variants of nisin, such as nisin A, which consists of
histidine at the 27 position.” It has already been reported that
both have similar antimicrobial activities. As reported earlier,

Bacterial resistance is responsible for thousands of deaths and
longer hospital stays annually due to the failure of antibiotic
treatment.’ Resistant Escherichia coli and Staphylococcus aureus
are human pathogens that can cause a wide range of illnesses
related to skin infections and some severe diseases such as
pneumonia, sepsis, bacterial infections, viz. cholecystitis,
cholangitis, bacteremia, urinary tract infection (UTI), etc.
Presently, the crisis of novel antibiotics has become a major
concern and challenge for researchers. However, the limited
availability of novel antibiotics leads to the evolution of
pathogen resistance.” Based on a survey of multidrug resistance
(MDR) of pathogens, developing new strategies or combina-
tion therapies for the effective treatment of resistant bacteria
has become a major concern of researchers. The current trend
shows that antimicrobial peptides (AMPs) are extensively used
as a new class of antibacterial drugs due to their characteristics,
such as enhanced antibiotic potency and lower propensity for
resistance.” Therefore, AMPs may be considered as promising
alternatives to current antibiotics or as good candidates to
enhance antibiotic potency. Additionally, the use of ionic
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Figure 1. (a) Structure of nisin Z (PDB ID: 1WCO). (b) Chemical structure of pyrrole-based ILs having bis(trifluoromethylsulfonyl)imide as a

counterion.

nisin is an effective AMP against the growth of drug-resistant
strains such as methicillin-resistant S. aureus and Clostridium
difficile.® Various groups of researchers have worked on
combinations of nisin with antibiotics."”” In order to improve
the therapeutic potential of nisin, combining nisin with ionic
liquids can be considered an efficient therapeutic strategy
against resistant pathogens.

Ionic liquids (ILs), for a long time, have gained considerable
attention of researchers from various fields due to their
exceptional characteristic features, such as negligible vapor
pressure, tunability, low volatility, nonflammability, antibacte-
rial properties, etc. (Hodyna et al,). ILs consist of organic
cations and anions. In recent years, the toxicity of ILs to
organisms and nature has been well reported.® Therefore, we
synthesized a series of pyrrolidinium-based ILs that possess
lesser toxicity compared to imidazolium- and pyridinium-based
ILs."" A combination of two antibiotics, pyrrole-based ILs and
nisin Z, can suppress antibacterial resistance compared to
treatment with individual antibiotics.

Therefore, the present study aims to evaluate the
antibacterial activities of nisin and the combination of
pyrrolidinium-based ILs with nisin against two microorgan-
isms, E. coli and S. aureus strains, grown under anaerobic
conditions, thus exploring the feasibility of combinations of ILs
and nisin against drug resistance. The combined approach of
two antibiotics has been studied extensively, but the
combination therapy of nisin and ILs has not yet been
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explored. Also, a binding study was performed to investigate
the complex formation between sodium/iodide symporter
(NIS) and ILs using various techniques such as molecular
docking, dynamic light scattering, absorption spectroscopy,
and surface tension. Additionally, the effect of ILs on the
secondary structure of NIS was studied in order to investigate
the change in the secondary structure of NIS with the addition
of ILs. In the end, a hemocompatibility assay was performed to
evaluate the compatibility of the designed conjugates of NIS—
IL with human serum albumin (HSA).

2. MATERIALS AND METHODS

2.1. Materials. Nisin Z (purity >98%) (Figure la) was
purchased from Sigma-Aldrich. Luria—Bertani broth (LBB), E.
coli (MTCC 40), and S. aureus (MTCC 87) cultures were
obtained from the microbial type culture collection and gene
bank (MTCC), CSIR-Institute of microbial technology,
Chandigarh, India. The ILs used in present study were 1-
butyl-1-methylpyrrolidin-1-ium bis(trifluoromethylsulfonyl)-
imide [Pyr C,IJNTF,, 1-hexyl-1-methylpyrrolidin-1-ium bis-
(trifluoromethylsulfonyl)imide [Pyr C4]NTF,, 1-methyl-1-
octylpyrrolidin-1-ium  bis(trifluoromethylsulfonyl)imide [Pyr
C3]NTF,, 1-decyl-1-methylpyrrolidin-1-ium bis-
(trifluoromethylsulfonyl)imide [Pyr C,,]NTF,, and 1-dodec-
yl-1-methylpyrrolidin-1-ium  bis(trifluoromethylsulfonyl)imide
[Pyr C;,] NTF, (Figure 1b), which were synthesized in our
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laboratory."” Ethanol, glycerol, and autoclaved water were used
to study the antibacterial activity, while Milli-Q water was used
for the spectroscopic and tensiometry experiments.

2.1.1. Preparation of the Bacterial Inoculum. The two
strains were routinely revived in Luria—Bertani broth (LBB)
and cultured under anaerobic conditions in an orbital shaker at
37 °C for 18 h up to the logarithmic phase. The optical density
of both strains was measured to determine the growth using
Analytikjena 210 (Germany) at 600 nm (ODgy). The
obtained ODgy, was 0.54. The working concentration of the
inoculum (ODgyo = 0.54) was adjusted to 10°~10° CFU/mL.

2.1.2. Preparation of Resazurin (Dye). The resazurin dye
solution was prepared by thoroughly mixing 0.015 g of
resazurin (dye) in 100 mL of autoclaved water. The prepared
solution was vortexed, filtered with a 0.22 mm filter, and stored
at 4 °C for a maximum of 2 weeks after its preparation.

2.2, Methods. 2.2.1. Determining the Minimum Inhib-
itory Concentration (MIC). The MIC of NIS was evaluated
using the microplate dilution method in LBB by following the
recommendations of the Clinical and Laboratory Standards
Institute.'> In brief, the stock solution of nisin Z was 2-fold
serially diluted (100 uL) along the x-axis in a 96-well plate.
After the addition of the antibiotic, 10 uL of bacterial
suspension, whose working concentration was adjusted to
10°—10° CFU/mL, was added to each well except the sterile
control (SC). Luria—Bertani broth (LBB) with and without
the bacterial inoculum served as the growth control (GC) and
sterile control, respectively. The plates were incubated at 37 °C
for 16—18 h. After incubation, 10 uL of resazurin (0.015%)
was added to each well. The plate was incubated for another
3—4 h for color change, if any. In column 12 (a—d), the growth
control shows a change in the natural color of resazurin (blue/
purple) to that of the reduced form (red/colorless). The
absence of color change in column 12 (e—h) suggested that no
contamination occurred during the preparation of the plate.
Further results were analyzed on the basis of color change, as
reported earlier.'* All tests were performed in triplicate for
each experiment on MIC determination. The MIC value of IL
used in the current study was previously determined and is
reported in our previous publication.'”

2.2.2. Effect of IL on NIS. To investigate the effect of ILs on
the activity of nisin Z, a checkerboard assay wa Iperformed by
following a procedure reported in the literature.""> In brief, the
stock solution of NIS was 2-fold serially diluted to maintain the
concentration in the range of 180—0.008 M along the y-axis
in the 96-well plate. The column contained the same
concentration of nisin Z, and thereafter, various concentrations
of ILs ([Pyr C,INTE, (10, 20, 50, 100, and 200 uM), [Pyr
C¢JNTE, (2, 5, 10, 50, and 100 uM), [Pyr C4]NTF, (1, 5, 10,
20, and 50 M), [Pyr C,]NTE, (5, 10, 50, 100, and 150 uM),
and [Pyr C,,]NTF, (0.5, 1, 5, 10, and 20 yM)) were added
column-wise. Thereafter, 10 uL of the bacterial inoculum,
whose working concentration was adjusted to 10°—10° CFU/
mL, was added to each well in a 96-well plate. LBB with and
without the bacterial inoculum served as the growth control
(GC) and sterile control (SC), respectively. The plate was
incubated at 37 °C for 16—18 h. Separate plates were prepared
for each experiment. The optical density (ODy,) was recorded
and plotted against the concentration of antibiotic using a
microplate reader. Thereafter, 10 uL of resazurin (0.015%) was
added to each well. The plates were incubated for another 3—4
h for color change, if any. Column 12 (a—d), the negative
control (growth control), showed a change in the natural color
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of resazurin (blue/purple) to that of the reduced form (red/
colorless). Column 12 (e—h) shows no color change, which
confirms that no contamination occurred while preparing the
plate. Further results were analyzed on the basis of color
change, as reported earlier.'* All tests were performed in
triplicate for each experiment on MIC determination. Further,
the membrane destruction potential of the NIS peptide and
NIS—[Pyr C,,]NTF, (best combination obtained) against
bacteria was determined using the fluorescence-activated cell
sorting (FACS) technique, as discussed in the upcoming
section. Additionally, bacterial cells were visualized after
treatment with the NIS peptide and NIS—[Pyr C,,]NTF,
(best combination obtained). Staining of dead cells using
propidium iodide (PI) was performed, and confocal laser
scanning microscopy (CLSM) helped visualize the effective-
ness of treatment against bacterial strains.

2.2.3. Fluorescence-Activated Cell Sorting (FACS). A
membrane permeability assay was carried out using the
fluorescence-activated cell sorting technique.'® The cell
membrane disruption of microorganisms, E. coli and S. aureus,
after the treatment with NIS and its best combination was
analyzed using the propidium iodide (PI) assay, as described
previously.'® The treated E. coli MTCC 40 and S. aureus
MTCC 87 strains were incubated for their growth up to the
logarithmic phase at 37 °C for 18 h. The treated samples were
centrifuged at 13,000 rpm for 15 min. The cells in the form of
pellets were washed thrice with phosphate buffer (10 mM, 7.4
pH). The working cell concentration was adjusted to 10°
CFU/mL. 10 uL of 20 uM propidium iodide (dye) was added
to each sample, except the unstrained sample (growth control),
followed by the incubation of the samples in the dark for 30
min. The data were recorded on a FACS instrument (BD
FACSAria-III). The laser excitation wavelength was kept at
488 nm. The recorded data were analyzed using BD FACSDiva
8.0.3 software.

2.2.4. Confocal Laser Scanning Microscopy (CLSM).
CLSM technique was used to visualize the bacterial cell
membrane after treatment with NIS and its best combination
with IL. Staining of live/dead bacterial cells usin§ propidium
iodide was carried out as reported in the literature.”” Cells of E.
coli and S. aureus were treated with NIS and its conjugates at
37 °C for 18 h. After treatment, the samples were centrifuged
for 10 min at 13,000 rpm Thereafter, the obtained pellets of
samples were washed thrice using phosphate buffer (10 mM.
7.4 pH). The cell concentration was kept at 10° CFU/mL for
the measurement. 10 uL of PI (20 uM) was added to each
sample, including the control. Samples were incubated in the
dark for 1 h. After incubation, the samples were vortexed, and
one drop of the sample was cast on a glass slide and covered
with a coverslip. The coverslip was sealed using a bond
primer.'” Slides prepared were analyzed using a Leica
Microsystems TCS SP8 Leica DMi8 microscope. The software
used to capture and process images was Leica Application
Suite X. The scan speed was 200 Hz, and the magnification
was set to 63. A 488 nm laser was used, and the emission was
recorded between 580 and 670 nm. The transmission channel
was PMT.

2.2.5. Molecular Docking. The molecular docking techni-
que was performed using AutoDock tool 1.5.6 by employing
the Lamarckian Genetic Algorithm.'® The pdb structure of
NIS was obtained from an online protein data bank (pdb)
(http://www.rcsb.org/, PDB ID: 1WCO). The structure of
NIS was obtained by removing the lipid from the .pdb file
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Table 1. Best Combinations of Synthesized Pyrrolidinium-Based ILs with NIS

s.no. combinations
1. NIS
2. NIS + [Pyr C,] NTF,
3. NIS + [Pyr Cs] NTF,
4. NIS + [Pyr Cg] NTF,
s. NIS + [Pyr C,y] NTF,
6. NIS + [Pyr C,,]NTE,

against E. coli
22.5 uM
11.86 uM + 100 uM
5.44 uM + 100 uM
272 uM + 50 uM
242 uM + 10 uM
223 uM + 5 uM

against S. aureus
1.40 uM
1.37 uM + 100 uM
121 uM + 50 uM
0.29 uM + 20 uM
028 uM + 5 uM
0.21 uM + 2 uM

using PyMol software. The NIS structure was assigned the
Kollman charges and AD4-type atoms along with polar
hydrogen atoms. The structure of the IL was drawn with
ChemDraw Ultra 8.0 and was converted to the pdb format
using Chem3D Ultra 8.0 software. The grid map was
generated. A total of 100 runs were carried out to dock the
IL with NIS. The dimensions of the grid were 50 X 46 X 54.
The grid spacing was kept at 0.375 A. After the completion of
runs, the most favorable conformation was selected based on
the binding energy and the favorable geometry. Further, for
visualization, Discovery Studio (BIOVIA-2016) and Chimera
1.12 software were used.'”

Based on the best-fit score (minimum binding energy)
(given in Table S1) of all five ILs, the best binding was
obtained between NIS and [Pyr C;,] NTF, after a molecular
docking analysis. Further, a detailed study of the interaction
between NIS and [Pyr C,] NTF, was conducted using various
techniques such as surface tension, dynamic light scattering,
etc., which are discussed in the upcoming sections.

2.2.6. Surface Tension. The surface tension of [Pyr
C1,]NTF, in the absence and presence of NIS (50 yM) was
recorded on a DeltaPi-4 Langmuir microtensiometer, Kibron,
Helsinki, Finland, at 298 K. [Pyr C;,]NTF, was added to SO
#M NIS by the titration method. The temperature of the
sample stage was maintained using a thermostat, GD120, with
a temperature variability of +0.15 K. The tensiometer was
equipped with microbalances containing a special alloy wire of
radius 0.25 nm, which acts as a probe. A multiwell plate made
up of Teflon, containing wells of radius 0.25 nm, was used to
measure the surface tension. The capacity of each well in the
plate was 1 mL.*

2.2.7. Turbidity Measurement. The absorbance at 600 nm
of NIS (S0 uM) in the absence and presence of [Pyr
C,]NTF, was measured using a UV—vis spectrophotometer
(Analytikjena Specord-250 spectrophotometer, Germany) at
37 °C. The temperature of the sample cell was maintained
using a thermostat, Analytikajena. The samples were prepared
in phosphate buffer at a pH of 7.2. The concentration of [Pyr
C,,] NTF, was varied from 0.05 to 0.6 mM.

2.2.8. Dynamic Light Scattering (DLS) Measurement. The
average size of the aggregate of the IL [Pyr C;,]NTF, in the
absence and presence of NIS was measured by dynamic light
scattering. DLS was performed at a scattering angle of 173°
using a Malvern Zeta sizer Nano-ZS instrument. The
instrument was fitted with a He—Ne laser (1 = 632.8 nm).
The working concentration of NIS was 50 uM, and the
concentration was varied from 0.05 to 0.6 mM. Each sample
was filtered through a 0.22 yM pore size microfilter. A total of
three accumulations were set while performing the experiment.

2.2.9. Circular Dichroism. The far-UV CD spectra of NIS
(50 M) in the absence and presence of [Pyr C;,]NTF, were
recorded on a Cary Eclipse spectrophotometer (Varian), which
was fitted with a 150 W xenon lamp. The temperature of the
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sample holder was controlled using a Peltier control temper-
ature device and was set at 25 °C. The CD spectra of the
samples were recorded using a 0.1 cm quartz cuvette. The
sample was prepared in phosphate buffer at a pH of 7.2. The
concentration of [Pyr C;,]NTF, was varied from 0.00S to 0.4
UM.

2.2.10. Hemocompatibility. To evaluate the effect of the
studied combination on human serum albumin, a hemocom-
patibility assay was performed using various techniques, viz.
UV—vis spectroscopy, fluorescence spectroscog?f, and far-UV
CD spectroscopy, as reported in the literature.” The samples
prepared included HSA(S uM), HSA(S uM)—NIS(50 uM),
HSA(S uM)—NIS(50 uM)—[Pyr C,INTF,(0.005 uM),
HSA(S uM)—NIS(50 uM)—[Pyr C¢INTE, (0.05 uM),
HSA(S uM)—NIS(50 uM)—[Pyr C4INTE, (0.1 uM),
HSA(S uM)—NIS(50 uM)—[Pyr C,JNTF,(0.2 uM), and
HSA(S uM)—NIS(50 uM)—[Pyr C,,INTE, (0.4 uM). All
samples were incubated at room temperature for 30 min.
Thereafter, UV—vis, fluorescence, and far-UV CD spectra of
the aforesaid samples were recorded on the same instruments.
For recording the absorption spectra, the range was set to
200—400 nm, keeping the slit width constant at 1 nm
throughout the experiment. Fluorescence spectra of the same
set of samples were recorded between 290 and 500 nm,
keeping the excitation wavelength at 280 nm and slit width
constant at 5 nm throughout the experiment. Further, the far-
UV CD spectra of the same set of samples were recorded at
room temperature within the range of 190—250 nm.

2.2.11. Effect of IL on the Conformation of NIS. The
change in the secondary structure of NIS in the presence of ILs
was investigated using far-UV CD spectroscopy. The CD signal
was recorded within the range of 200—250 nm using a quartz
cuvette of 1 cm path length on the same CD spectropho-
tometer as earlier used. The ellipticities at 222 and 207 nm
were considered to calculate the value of R, where R is the
quantitative value for representing any change in the secondary
structure of NIS induced due to ILs. The value of R was
calculated using the equation

(01,5,

[0y (1)

where [0],y; and [6],,, are the absolute molar ellipticity at
wavelengths of 207 and 222 nm, respectively, observed
experimentally.

3. RESULTS

3.1. Minimum Inhibitory Concentration Determina-
tion. Two strains, E. coli and S. aureus, were selected, and the
activity of NIS was determined by analyzing the reduction in
the bacterial burden in terms of the MIC value of NIS. The
MIC values of nisin Z against E. coli and S. aureus were found
to be 22.5 and 1.40 uM, respectively. The MIC values of ILs
against E. coli and S. aureus used in the study were earlier
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Figure 3. Effect of [Pyr C4,]NTF, concentration on the antibacterial activity of NIS against (a) E. coli and (b) S. aureus.
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Figure 4. Effect of [Pyr Cg]NTF, concentration on the antibacterial activity of NIS against (a) E. coli and (b) S. aureus.

3.2. Biological Activity of NIS in the Presence of ILs.
As earlier reported, the consumption of a higher dosage of

determined and have been reported in the literature.'” The
MIC values are summarized in Table 1.
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Figure 6. Effect of [Pyr C,,]NTF, concentration on the antibacterial activity of NIS against (a) E. coli and (b) S. aureus.

antibiotics causes various side effects and also results in
bacterial resistance.”> Therefore, various combinations of nisin
Z and pyrrolidinium-based ILs were tested to improve the
antibacterial properties of nisin Z against E. coli and S aureus.
The reduction in bacterial burden was analyzed in the presence
of NIS and its conjugates with ILs. Figures 2—6(a,b) show the
growth curves of bacteria E. coli and S. aureus in the presence
of NIS and its conjugates with ILs. In the assay, the MIC of
NIS was reduced from 22.5 to 11.86 M in the presence of 100
uM [Pyr C,] NTF, against E. coli, as shown in Figure 2a,
whereas it was 1.40—1.37 uM in the presence of 100 uM [Pyr
C4] NTF, against S. aureus, as shown in Figure 2b.

The MIC of NIS was reduced from 22.5 to 5.40 uM in the
presence of 100 uM [Pyr C4] NTF, against E. coli, as shown in
Figure 3a.

However, it was 1.40—1.21 M in the presence of 50 yuM
[Pyr C4] NTF, against S. aureus. The MIC of NIS was reduced
from 22.5 to 2.72 uM in the presence of SO uM [Pyr Cg]NTF,
against E. coli (Figure 4a), whereas it was reduced from 1.40 to
0.29 uM in the presence of 20 uM [Pyr C4] NTF, against S.
aureus (Figure 4b).

The MIC of NIS was reduced from 22.5 to 2.42 uM in the
presence of 10 uM [Pyr C,,] NTF, against E. coli (Figure Sa),
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whereas it was reduced from 1.40 to 0.28 yM in the presence
of S uM [Pyr C,o] NTF, against S. aureus (Figure Sb).

The MIC of NIS was reduced from 22.5 to 0.23 uM in the
presence of S uM [Pyr C,,] NTF, against E. coli (Figure 6a),
whereas it was reduced from 1.40 to 0.21 uM in the presence
of 2 uM [Pyr C,,] NTF, against S. aureus (Figure 6b).

As the results suggest, there was a remarkable improvement
in the antibacterial activity of NIS in the presence of ILs, but
the maximum improvement in the MIC value was observed in
the presence of [Pyr C;,] NTF,. The decrease in the MIC
value of NIS in the presence of ILs showed a trend. With an
increasing number of carbon chains in ILs, the efficacy of NIS
improved much more compared to ILs with fewer carbon
chains, which was similar to our previously reported
data.">*>** This may be due to increasing hydrophobicity,
which allows hydrophobic interactions with the cell membrane.
NIS at the physiological pH of 7.4 is cationic, where the
positive charge in the bulk resides at the C-terminal of the
peptide, due to which it becomes the center of attraction for
the negatively charged entities, viz., the cell membrane.
However, the N-terminus is hydrophobic, which tends to
form hydrophobic interactions with the surfactant/ILs, as
reported in the literature.”*>°
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Figure 7. Flow cytometric analysis of (a) E. coli and (b) S. aureus treated with NIS and the conjugate, NIS—[Pyr C,]NTEF,.
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3.3. Fluorescence-Activated Cell Sorting (FACS). Flow
cytometry technique was employed to examine the rupturing
of the cell membrane on treatment of strains with NIS and its
conjugates. Propidium iodide (PI) is a well-known fluorescent
agent that binds to DNA by intercalating into the bases with
no specific base preference. PI is extensively used in analyzing
the cell membrane.'® Hence, the permeability of NIS and
NIS—[Pyr C,]NTF, was examined through the PI staining
method. On the binding of PI with DNA, the quantum yield
increases 20—30-fold, and its excitation is shifted to 535 nm
(green) wavelength which causes the generation of a signal
upon staining.”” The greater the inhibition, the greater the
percentage of the PI signal. Figure 7a reveals that the damage
to the cell membrane caused by NIS alone against E. coli was
not significant, which suggests that the rupturing of the cell
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membrane did not take place on increasing the concentration
of NIS. Figure 7b shows the increasing PI signal depicting the
damage to the cell membrane caused by NIS—[Pyr C,,]NTF,
against E. coli. On comparing (Figure 7a,b), the rapid increase
in the total percentage of Pl-stained cells (positive cells)/dead
cells in the case of conjugates suggests that the inhibition of
bacterial cells took place through the rupture of the membrane,
and the effect was more pronounced than that of NIS alone.
This may be due to the increased hydrophobicity, which allows
faster movement inside the cell through hydrophobic—
hydrophobic interactions. However, the increase in PI-positive
cells was much higher in the case of bacteria treated with NIS—
[Pyr C,]NTF, as compared to NIS, suggesting that the
damage to the cell membrane was much higher when treated
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with the NIS—[Pyr C,,]NTF, conjugate. This was further
confirmed by confocal laser scanning microscopy (CLSM).

3.4. Confocal Laser Scanning Microscopy (CLSM). E.
coli and S. aureus cells were treated with different
concentrations of NIS and the NIS—[Pyr C,,]NTF, conjugate.
The images of treated cells were captured under a microscope,
as shown in Figure 8. The samples were analyzed under a
fluorescence microscope. After the incubation of cells with PI,
the control group showed the viability of the cells; the green
color suggested the inhibition of cells in the presence of NIS
and NIS—[Pyr C,,]NTF,. Figure 8a shows that with an
increasing concentration of NIS, the green color of cells was
not as significant as it was in the FACs result. Similarly, Figure
8b shows that with an increasing concentration of ILs in NIS,
the number of green-colored cells increased. On comparing the
two, it was confirmed that in the presence of ILs, the
membrane disruption was much higher as compared to that
with NIS alone, and this corroborates the results obtained from
FACs results.

3.5. Molecular Docking. The computational approach is a
very useful technique to explore the interactions occurring
between ligands and biomolecules (proteins/peptides).”"** Tt
provides insights regarding the mode of interaction and also
the binding sites of ligands on biomolecules, for instance,
information regarding the binding between NIS and the ionic
liquids used in this study. Out of 100 outcomes (conformers),
depending upon the lowest binding energy, the best-fit
conformation was selected and further analyzed using various
visualizing software, viz., Chimera and Discovery Studio. The
obtained binding energy for each system is presented in Table
S1. The highest binding was found in the case of [Pyr
C,INTF,; hence, the best-fit conformation of NIS and [Pyr
C,]NTF, in Figure 9 shows the surrounding amino acids and
mode of interaction involved in the complex formation. The
molecular docking results show the involvement of PRO-9,
LYS-12, MET-17, CYS-19, ASN-20, MET-21, LYS-22, and
ALA-24. The obtained results suggest the involvement of van
der Waals interactions and conventional hydrogen bonds in the
complex formation. The binding energy obtained from
molecular docking for the NIS—[Pyr C,,]NTF, system was
found to be —10.58 k] mol™". Further, a detailed analysis of the
complex was performed using various techniques, which are
discussed in the forthcoming sections.

3.6. Surface Tension. The surface tension technique was
employed to determine the interaction occurring at the air/
water interface. Figure S1 shows the surface tension plot of
NIS in the presence of varied concentrations of [Pyr C;,]NTF,
ranging from 0 to 0.72 mM in the absence and presence of NIS
(50 uM). In Figure S1, the breaking point in both plots
represents the CMC of ILs in the absence and presence of NIS
(50 uM). The CMCs of [Pyr C;,]NTF, observed were 0.29
and 0.52 mM in the absence and presence of NIS, respectively.
The CMC of [Pyr C;,]NTF, matched well with the reported
literature."” In Figure S1, the surface tension of [Pyr C;,]NTF,
in the presence of NIS increased as compared to that of [Pyr
C,]NTF, alone, which clearly indicates the binding of [Pyr
C;,INTF, with NIS due to the more hydrophobic environ-
ment at the air/water interface. In Table S2, the CMC value of
[Pyr C,,]NTF, was found to increase in the presence of NIS;
this is due to more adsorption of [Pyr C;,]NTF, on NIS and
the development of more hydrophobic interactions between
NIS—[Pyr C,,]NTF,, revealing that the complex formed is less
surface active.
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Various other surface activity parameters were evaluated to
further study the surface-active behavior of the complex
formed between [Pyr C;,]NTF, and NIS. The surface pressure
Icpc was calculated using eq 2.

()

where ¥, and ycyc refer to the surface tension of water and ILs
at the CMC, respectively. Iy denotes the efficacy of the IL
in reducing the surface tension of water. The calculated Iy
values are presented in Table S2. The increasing Iy value of
IL in the presence of NIS suggests that the complex formed
between [Pyr C,,] NTF, and NIS has a lower tendency to
decrease the surface tension and has less ability to adsorb on
the air/water interface.
Further, Gibb’s surface excess was calculated using eq 3.

dy
dlog C (3)

where R refers to the universal gas constant whose value is
taken as 8.314 ] K™! mol™/, n is taken as 2 in the case of ILs
because of the dissociation of IL into two ionic forms (cations
and anions), and T refers to the experimental temperature,
which was set to 298 K. The linear fit of the plot between
surface tension and log concentration of IL yielded the value of
dy
( dlog C
evaluate the packing arrangement of the complex at the air/
water surface, A, was calculated using eq 4.

I—[CMC = }/() - }/CMC

max —

1
© 2.303nRT (

). The values of I',,,, were calculated. Additionally, to

1020
- NAFmax

A

min (4)
where N, is the Avogadro number and is taken as 6.023 X
10, T,,,, is Gibb’s surface excess as calculated above, and A,
is the minimum area occupied by one molecule at the air/
water interface. The calculated values of I',,, and A, are
presented in Table S2. The value of I',,, for IL decreased in
the presence of NIS, in contrast to the value of A, which
increased, suggesting that the size of the complex formed is
large and that it is loosely packed at the air/water interface.”’

3.7. Turbidity. The turbidity of the samples was measured
using UV—vis spectroscopy, which is directly related to the
density and size of the particles in the sample that are
responsible for the scattering of light.”® Figure S2 shows the
turbidity of NIS in the absence and presence of [Pyr
C,]NTF,. Various processes are responsible for the change
in turbidity, viz., the size of the particle, refractive index,
sample color, and nano- and micro-aggregation due to })article
interactions, which are ascribed to complex formation.” In the
present study, with increasing concentration of the IL in the
NIS solution, the turbidity increased up to a micellar
concentration of 0.22 M, which mostly depicts the interaction
occurring between NIS and [Pyr C,]NTF,. Thereafter, on
further addition of the IL, the turbidity remained constant,
which might be due to the fewer binding possibilities of ILs on
NIS. This was further confirmed by DLS measurements.

3.8. Dynamic Light Scattering Measurement. The
analysis of aggregate size in terms of the hydrodynamic
diameter (Dy,) of NIS and the NIS—[Pyr C,,]NTF, conjugate
in phosphate buffer (10 mM, 7.4 pH) was performed using the
DLS technique. Figure S3 shows the particle size of NIS in the
absence and presence of [Pyr C,,]NTF,. The particle size

min
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analysis shows the interaction occurring between NIS and [Pyr
C,]NTF,. Figure S3 shows the particle size of NIS in the
absence and presence of [Pyr C;,]NTF,. The diameter of NIS
obtained was 143.31 nm. The overall increase in the size was
observed to be 247.47 nm conclusively with increasing
concentration of IL. The increasing particle size of NIS in
the presence of IL suggests that NIS aggregates in the presence
of IL due to the interaction prevailing between NIS and IL,
which leads to the increasing size of the particle.

3.9. Circular Dichroism Spectroscopy. The secondary
structure of NIS in the absence and presence of [Pyr
C.,]NTF, was investigated in phosphate buffer (10 mM, 7.4
pH). Figure 10 shows the far-UV CD spectra of NIS. The CD

0.84 At298K 88800000
q
° 8320
{ a““gﬂgg"vwsgso‘
0.4, 08%0338" o 20q
LEEEY I
_ o 8 9 )
g °g 800°° °
< 004 g8 °
g : Qo ° °
£ 20 8o, °
El 829 38 o%00®
5 049, 8 38 33
z o % 3398330 o IS G0pv)
O .08 °°°:0°8° ° @ o NIS (50pM)y+[Pyr C,,NTF,](0.005uM)
y °
o3 0000 2 o nis (50pM)+[Pyr C;,NTF,](0.051M)
12 9999 @ NIS (50pM)+[Pyr C;,NTF,](0.1uM)
@ NIS (50pM)+[Pyr C;,NTF,](0.2uM)
NIS (50pM)+[Pyr C,,NTF,](0.41M)
-1.6 T T T
200 210 220 230 240

Wavelength(nm)

Figure 10. Far-UV CD spectra of NIS in the absence and presence of
[Pyr C;,] NTF, at 298 K and 7.4 pH.

spectra show two negative peaks at 208 and 222 nm, which are
clear evidence of the a-helix conformation of the peptide, as
reported in the literature.”” With increasing concentration of
[Pyr C\,]NTEF, in NIS, the negative CD signal increased at 208
nm, indicating the increasing a-helix conformation up to 0.2
UM concentration. However, beyond 0.2 uM concentration of
[Pyr C.,]NTF,, NIS loses its stability, and the a-helix
conformation gets changed.”’

3.10. Hemocompatibility. To investigate the compati-
bility of the designed conjugates, the hemocompatibility assay
was performed using fluorescence, absorption, and far-UV CD
spectroscopy. The fluorescence spectra of HSA in the absence
and presence of NIS and its conjugate with [Pyr C,]NTF,
were recorded at 298 K. Trp is an intrinsic fluorophore present
in HSA, which is responsible for fluorescence.'” Figure S4(b)
shows the maximum emission peak of HSA at 342 nm, which
is a characteristic peak of Trp (fluorophor).”® Any change in
the fluorescence signal indicates the conformational change
occurring in the protein due to interaction with ligands. The
emission spectra of HSA in the presence of NIS and the NIS—
IL conjugate do not show any shift in the maximum
wavelength, which reveals that the polarity of the Trp remains
unchanged,12 while increasing fluorescence intensity reveals
the complex formation between HSA and NIS (HSA and
NIS—[Pyr C,,]NTF,). The band in the absorption spectra at
280 nm indicates the presence of the a-helix structure in HSA,
as shown in Figure S4(a).”"** The UV—vis spectra showed no
shift in the UV—vis absorption band, which indicates that the
secondary structure of HSA remains unchanged in the
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presence of NIS and its conjugates with ILs. To further
speculate any change in the secondary structure, far-UV CD
spectra of the same set of samples were obtained. The far-UV
CD spectra are shown in S4(c). The change in ellipticity was
not significant but rather provided stability to the secondary
structure of HSA."” The results from far-UV CD spectra were
found to be consistent with the results obtained by
fluorescence and UV—visible spectroscopy. Therefore, it can
be concluded from the above results that the combinations of
NIS and ILs are hemocompatible and can be used for
developing therapeutic agents.

4. DISCUSSION

The escalating pervasiveness of multidrug resistance has led to
an urgent need for alternative drugs and knowledge of their
mechanism of action. Antibiotic combinations are currently the
most effective therapy for treating various infections occurrin%
due to microbes, such as malaria, tuberculosis, leprosy, etc.’

Antimicrobial peptides (AMPs) have been explored as
potential candidates for developing new antibiotics because
they possess the least drug resistance and high antibacterial
activity. Nisin Z is a well-known AMP, and it exhibits
antibacterial, antiprotozoal, and antifungal activities.>* Earlier
studies showed the NIS is inactive against Gram-negative
bacteria, such as E. coli strains, but active against Gram-positive
bacteria.’® ILs have emerged as antimicrobial agents against a
wide range of microorganisms.””** The toxicity of ILs has
always been a serious concern for researchers while using them
in developing therapeutic agents. Hence, in this study, we
employed pyrrolidinium-based ILs because they are known to
have less toxicity compared to other available ILs. The ILs
were synthesized, and their toxicities were also determined, as
reported in our previous publication.'” The complex formation
between the NIS and ILs was studied using the molecular
docking method. The highest binding was observed in the case
of ILs with the highest carbon chain length and NIS. This may
be due to the van der Waals interactions occurring between the
IL, [Pyr C,,] NTF,, and NIS. Further, DLS, turbidity studies,
and CD spectroscopy showed successful stable complex
formation. Far-UV CD results suggested that ILs do not
have any adverse effects on the conformation of NIS. For the
antibacterial assay, a combination of ILs with an antimicrobial
peptide (NIS) was tested against E. coli and S. aureus. The
composition of ILs + NIS was highly effective in inhibiting the
strains at lower concentrations than that of NIS alone, and it
was effective even against a bacterial burden of E. coli that
could not be inhibited by NIS, as shown in Figures 2—6.
Interestingly, the increased efficacy of NIS in the presence of
ILs tends to minimize the requirement for higher dosages of
NIS, which is one of the major reasons for bacterial resistance
as well as toxicity. The strongest antibacterial effect was seen in
the case of ILs with a dodecyl carbon chain at the N atom of
the pyrrole ring, which caused the maximum reduction of NIS
concentration, consistent with the reported litera-
ture.'>*"*%*>** The increased efficacy of NIS in the presence
of ILs containing a longer carbon chain length confirms the
hypothesis that the addition of IL enhances (due to a higher
surface activity of ILs, which are known for their adsorption
tendency) the ability of NIS to enter the cell and maintain the
level within the cell, leading to cell death.” FACS and confocal
analysis showed the membrane-rupturing tendency of the
complex tested on E. coli and S. aureus. Additionally, a
hemocompatibility test of NIS and its complexes on human
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serum albumin was performed, which confirmed the
hemocompatibility of the complex with HSA. The increasing
efficacy of NIS using ILs is not yet known, especially against E.
coli; for the first time, we hereby report the remarkable results
obtained in our study, which reveal that the combination of ILs
and NIS might help in developing a new class of therapeutic
agents.

5. CONCLUSIONS

In the present study, binding study results revealed stable
complex formation between NIS and ILs. Further, NIS alone
was found to be ineffective against E. coli, as previously
reported, but a combination of NIS with pyrrolidinium-based
ILs was found to be effective in inhibiting the growth of Gram-
negative bacteria (E. coli) as well as S. aureus, which is a novel
finding of our study. The inhibition of bacterial growth in the
presence of the best combinations of 2.23 yuM NIS + 5 uM
[Pyr C,,] NTF, against E. coli and 0.21 uM NIS + 2 uM [Pyr
C,,] NTF, against S. aureus was more than 95%. Further, flow
cytometry and confocal techniques revealed that the best
composition obtained killed the cells by rupturing the
membrane integrity, leading to cell death. Taken together,
the combination of NIS and ILs shows potential for further
research. Moreover, the use of a combination of NIS and ILs
could be a promising strategy to counter the increasing
bacterial resistance.
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