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Cancer has emerged as a significant global health challenge, ranking as the second leading cause of death
worldwide. Moreover, cancer patients frequently experience compromised immune systems, rendering
them susceptible to bacterial infections. Combining anticancer and antibacterial properties in a single
drug could lead to improved overall treatment outcomes and patient well-being. In this context, the
present study focused on a series of hydrophilic naphthoimidazolium salts with donor groups (NI-R),
aiming to create dual-functional agents with antibacterial and anticancer activities. Among these
compounds, NI-TPA demonstrated notable antibacterial activity, particularly against drug-resistant
bacteria, with MIC value of 7.8 ng mL™. Furthermore, NI-TPA exhibited the most potent cytotoxicity
against four different cancer cell lines, with an ICsq range of 0.67-2.01 pg mL™. The observed high
cytotoxicity of NI-TPA agreed with molecular docking and dynamic simulation studies targeting c-Met
kinase protein. Additionally, NI-TPA stood out as the most promising candidate for two-photo excitation,
fluorescence bioimaging, and localization in lysosomes. The study findings open new avenues for the
design and development of imidazolium salts that could be employed in phototheranostic applications

rsc.li/rsc-advances

Introduction

Cancer is a complex and devastating disease characterized by
the aberrant proliferation of cells, resulting in the formation of
malignant tumors that can infiltrate and disrupt normal body
tissues. It arises from genetic mutations in any cell type and can
occur in various anatomical locations, leading to its pervasive

“Faculty of Chemistry, Hanoi National University of Education, Hanoi, Vietnam
*Department of Chemistry, Soongsil University, Seoul 06978, South Korea
“Eco-friendly New Materials Research Center, Korea Research Institute of Chemical
Technology, 141 Gajeong-ro, Yuseong-gu, Daejeon City, Republic of Korea

“Faculty of Pharmacy, Dong A University, Danang, Vietnam

‘R&D Center, Vietnam Education and Technology Transfer JSC, Cau Giay, Hanoi,
Vietnam

/Department of Radiology, School of Medicine, Daegu Catholic University, Daegu
42472, Korea

<Institute of Natural Products Chemistry, Vietnam Academy of Science and Technology,
18 Hoang Quoc Viet, Cau Giay, Hanoi, Vietnam

"Institute for Tropical Technology, Vietnam Academy of Science and Technology, 18
Hoang Quoc Viet, Cau Giay, Hanoi, Vietnam. E-mail: ptchung@itt.vast.vn

‘Industry 4.0 Convergence Bionics Engineering, Pukyong National University, Busan
48513, Korea. E-mail: slee@pknu.ac.kr

/Department of Chemistry, Pukyong National University, Busan 48513, Korea

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ra06555¢

i These authors equally contributed to this work.

36430 | RSC Adv, 2023, 13, 36430-36438

for cancer treatment and bacterial infections.

nature throughout the body."™ As the second-leading cause of
mortality worldwide, cancer poses formidable challenges to
medical research such as drug resistance and side effects,
necessitating continuous efforts in the development of effective
drugs and therapies.>'* Compounding the burden of cancer
and its treatment is the impact on the patient’s immune system,
rendering patients more susceptible to opportunistic infec-
tions, particularly bacterial pathogens. The concomitant pres-
ence of multiple diseases further exacerbates the severity of
each condition, leading to a challenging clinical scenario.*>*¢
Thus, incorporating therapeutic agents with dual functionality,
possessing both anti-cancer and antibacterial activities, holds
promise in enhancing patient quality of health and life.

The emergence of infectious bacteria poses a growing threat
to human health.””"* Of particular concern is the prevalence of
multi-drug resistance in bacterial strains, exemplified by
methicillin-resistant Staphylococcus aureus (MRSA), which
presents a significant challenge in the management of infec-
tious diseases.”** The development of untreatable bacterial
infections is a pressing issue that demands attention in the near
future. The molecular design of antibacterial agents encom-
passes various mechanisms, which can be broadly classified
into four categories: inhibition of cell wall synthesis, inhibition
of nucleic acid synthesis, and inhibition of protein synthesis,
disruption of the cell membrane.”*** Among antibacterial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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agents, lipophilic complexes have shown promising interac-
tions with the lipophilic layer of bacteria, thereby increasing the
membrane permeability of bacteria and subsequent antibacte-
rial activity.”® Enhancing the lipophilicity of compounds can
improve the effectiveness of existing antibacterial drugs
currently in clinical use and exploring drug combinations
represent potential strategies.

Moreover, recent advances have led to the development of
non-invasive diagnostic and therapeutic techniques.”**”
Notably, the concept of optical biopsy has garnered substantial
attention as it fulfills the medical demand for minimally inva-
sive alternatives.”®*® In this context, optical spectroscopic
instruments have been harnessed to transform traditional
pathology into real-time spectroscopy in conjunction with
biomedical materials. Of particular significance is the emer-
gence of certain chemotherapeutic agents with inherent
biocompatible fluorophore properties, such as doxorubicin
(DOX), camptothecin, and SN-38.3*! Their dual functionality as
both therapeutic agents and biocompatible fluorophores makes
them valuable tools in the field of medical imaging and targeted
therapies.®*

Among therapeutic agents, imidazolium salts have been
recognized for antibacterial and/or anticancer activity and their
potential biomedicine applications owing to their hydrophilic
nature.***° These observations align with our recent research
endeavor, which involved the synthesis of a mnaph-
thoimidazolium-based fluorescent chemosensor specifically
designed for hypochlorite-activated antibacterial activity.** Our
investigations have revealed that the imidazolium family,
encompassing imidazolium, benzimidazolium, and haloge-
nated imidazolium derivatives, has been extensively explored
for its antibacterial and anticancer properties.**** However, the
exploration of naphthoimidazolium derivatives remains rela-
tively limited.**** Moreover, the past and current design strat-
egies primarily revolve around the introduction of functional
groups into the two nitrogen atoms, with little attention given to
the examination of the substituent's impact at the carbon
position situated between these two nitrogen atoms (Fig. 1).**
Furthermore, it is noteworthy that m-system-expanded imida-
zolium salts exhibit a redshift in absorption and emission
wavelength.***44%%” OQur recent inquiry has revealed that NI-H
and NI-Cbz naphthoimidazolium, manifest heightened fluo-
rescence emission in both organic and highly aqueous envi-
ronments.” The photophysical attributes exhibited by
naphthoimidazolium render it a promising candidate for
applications in fluorescent imaging and phototheranostics.
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Hence, our investigative efforts continue to involve the
synthesis, photophysical examination, theoretical calculation
and biological activities of NI-H and its derivatives by incorpo-
rating donor groups, specifically carbazolyl phenyl and triphe-
nylamine, resulting in NI-Cbz and NI-TPA, respectively. Among
these compounds, NI-TPA was evaluated for its potential
application in fluorescence bioimaging and lysosome localiza-
tion using HeLa cells. Moreover, we assessed the antibacterial
activity of these compounds against ten bacterial strains, con-
sisting of five Gram-positive and five Gram-negative strains.
Furthermore, we explored their anticancer efficacy by studying
their cytotoxicity against four different cancer cell lines. Our
results revealed that NI-TPA exhibited remarkable cytotoxicity
against both cancerous cells and bacteria, including MRSA,
indicating its potential as a dual-function agent with both
anticancer and antibacterial activities. To gain insights into the
underlying mechanisms of its anticancer activity, molecular
docking, and dynamic simulation were employed to study the
interaction between NI-TPA and specific proteins in cancer
cells.

Results and discussion
Synthetic process and structural characterization

NI-R was synthesized using three key transformations (Scheme
1). The synthesis commenced with the cyclization reaction of
2,3-diaminonaphthalene to form the first intermediate
compound (1-R). Subsequently, 1-R underwent methylation by
reacting with iodomethane in the presence of sodium hydride
in DMF, yielding the second intermediate compound (2-R).
Finally, the target compound NI-R salts were obtained through
the refluxing of 2-R with iodomethane in acetonitrile. The
detailed experimental procedures for each step of the synthesis,
along with the structural spectra data are documented in the
Experimental section and ESL.{

The 'H NMR spectra of NI-H displayed a single peak, char-
acterized by the most prominent chemical shift recorded at
9.85 ppm. This resonance was ascribed to a hydrogen moiety
directly bound to a carbon atom positioned intermediary
between two nitrogen atoms. Upon the introduction of electron-
donating groups at this specific carbon site, the "H NMR signal
associated with this proton manifestation ceased to manifest.

S
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1-R 2-R NI-R

3 NavleWe

- 1 @G

NH.
NH, NI-H

Scheme 1 Synthetic process for NI-R structures. (i) DMF, acetic acid,
80 °C, 9 h; (ii) NaH, DMF, argon, RT, 18 h; (iii) CH3CN, reflux, 12-24 h.
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This phenomenon serves as compelling substantiation for the
manifestation of conjugative interactions amidst the substit-
uent groups within both the NI-Cbz and NI-TPA molecular
configurations. Furthermore, discernible alterations were dis-
cerned in the resonance patterns of the methyl group protons
associated with NI-R, in contrast to their precursors in the 2-R
configuration. This disparity not only underscores the estab-
lishment of said salts but also implies that the proton group
equivalency within the NI-R construct signifies the liberation of
positive charge within the naphthoimidazole framework.

Photophysical properties

In our antecedent report, we undertook an examination of the
photophysical properties and theoretical calculations pertain-
ing to NI-H and NI-Cbz.*” The investigation into the corre-
sponding attributes of NI-Cz is herein expounded. The findings
of both analyses have been succinctly compiled and are delin-
eated in Table 1, Fig. 2 and 3.*” The absorption and fluorescence
emission peaks of NI-H were observed at 324 nm and 433 nm
(9 = 0.33), respectively, in ethanol. The introduction of donor
groups into the naphthoimidazolium core resulted in a redshift
of the absorption and fluorescence emission peaks. Specifically,
NI-Cbz exhibited absorption peaks at 335 nm and fluorescence
emission peaks at 535 nm, while NI-TPA showed absorption
peaks at 370 nm and fluorescence emission peaks at 554 nm.
Furthermore, the molar absorption coefficients of NI-H, NI-Cbz,

Table 1 Photophysical properties and theoretical calculation results
for NI-R structures in ethanol (*in DMSO)“

Aabs € (M71 Cmil) Aems

(nm)  (x10%) (nm) &g 0" (GM)  Eg4 (eV)
NI-H 324 8.8 433 0.33 11 3.99
NI-Cbz 335 23.6 535 0.04 36 3.43
NI-TPA 370 39.2 554 0.06 75 3.32

% & (molar absorption coefficient); @ (fluorescence emission quantum
yield) was determined utilizing 9,10-diphenylanthracene (& = 0.90 in
cyclohexane) as reference;'® E, (energy gap between HOMO and
LUMO) was obtained by density functional theory (DFT) calculation
using B3LYP/6-31+G(d,p) level of theory in ethanol/PCM solvent model.
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Fig. 2 UV-Vis absorption (solid line) and fluorescence emission
spectra (dotted line) of NI-R in ethanol.
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Fig. 3 HOMO and LUMO image along with the energy gap (Eg)
between HOMO and LUMO of NI-R in ethanol solvent.

and NI-TPA were found to increase significantly from 8.8 x 10°
to 23.6 x 10% and further to 39.2 x 10> M~ em ™", respectively.
In addition, the augmentation in the TP absorption cross-
section (g,) denoted by values of 11 GM, 36 GM, and 75 GM at
780 nm for NI-H, NI-Cbz, and NI-TPA, respectively. The redshift
in the absorption and fluorescence emission peaks as well as
enhanced TP absorbance can be attributed to the enhancement
of push-pull effects and intramolecular charge transfer (ICT)
resulting from the incorporation of strong donor groups. This is
consistent with the observed decrease in the energy gap (Eg)
between LUMO and HOMO from 3.99 to 3.43 and then 3.32 eV.
Moreover, molecular orbital (MO) analysis revealed that the
HOMO and LUMO of NI-H were in the naphthoimidazolium
core (Fig. 3). Conversely, for NI-Cbz and NI-TPA, the HOMO was
mainly localized in the carbazolyl phenyl and triphenylamine
groups, respectively, while the LUMO remained primarily situ-
ated in the naphthoimidazolium core. This confirms the pres-
ence of a donor-acceptor framework in the structures of NI-Cbz
and NI-TPA. Additionally, the fluorescence emission quantum
yields (@) of NI-Cbz and NI-TPA were calculated to be 0.04 and
0.06, respectively. Overall, based on the observed photophysical
properties including absorption and emission wavelength,
molar absorption coefficients, and fluorescence, NI-TPA
demonstrated the most promising potential for fluorescence
bioimaging among the three NI-R salts studied.

Fluorescence imaging in living cell

Motivated by the fluorescence emission of NI-TPA in both
organic and aqueous solvents, the present research investigates
its potential as a fluorescence agent for live-cell imaging,
employing confocal laser scanning microscopy (CLSM). This
study involves the examination of the cellular uptake efficiency
of NI-TPA in HeLa cells after a 30 minute incubation period.
Fig. 4a displays a remarkable fluorescent emission within the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CLSM image of Hela cells (a) after incubation with NI-TPA (10
uM), (b) after co-incubation of NI-TPA (10 uM) with Lysotracker Red
(50 nM).

HeLa cells, indicating a rapid internalization of the NI-TPA.
This notable fluorescence capability in living cells can be
attributed to NI-TPA's ability to emit fluorescence across a wide
range of solvent environments. In addition, NI-TPA shows
a high TP absorption cross-section (¢, = 75 GM) that holds
significant advantageous implications for the field of near
infrared (NIR) light-excited fluorescence bioimaging through
two-photon excitation technique.

To gain further insights into the selective localization of NI-
TPA within specific cellular organelles, colocalization experi-
ments were conducted. Specifically, HeLa cells were co-stained
with NI-TPA and Lysotracker Red. Fig. 4b demonstrates the
tendency of NI-TPA to localize in lysosomes, showing a high
Pearson correlation coefficient of 0.78. Lysosomes are
membrane-bound organelles responsible for vital cellular
processes such as degradation and recycling of cellular waste,
cellular signalling, and energy metabolism.** Thus, NI-TPA
shows promise as a potential lysosome-targeted fluorescent
drug for cancer chemotherapy.

Antibacterial activity test

Table 2 provides a comprehensive summary of MICs observed
for the NI-R series, elucidating their antibacterial activity.
Notably, naphthoimidazolium salt (NI-H) did not exhibit
growth inhibition against the tested bacteria. However, the
introduction of carbazolyl phenyl and triphenylamine groups
significantly enhanced the antibacterial activity of naph-
thoimidazolium salt against Gram-positive bacteria, such as
MRSA, S. aureus, and L. monocytogenes, with MIC values ranging
from 2 to 16 pg mL ™" (Table 2). In particular, NI-TPA demon-
strated higher antibacterial activity against MRSA and S. aureus
compared to NI-Cbz. Conversely, NI-Cbz exhibited stronger
antibacterial activity against L. monocytogenes in comparison to
NI-TPA. The augmented growth inhibition of NI-Cbz and NI-
TPA against Gram-positive bacteria can be attributed to the
electrostatic interaction between the positively charged salt and
the negatively charged bacterial cell membrane. This electro-
static interaction mechanism may explain the non-antibacterial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Minimal inhibitory concentration (MIC) (ug mL™Y) of NI-R
compounds against various bacterial strains: MRSA (1), S. aureus (2), B.
subtilis (3), E. faecalis (4), L. monocytogenes (5), ESBL (6), E. coli (7), S.
typhimurium (8), K. pneumoniae (9), and V. parahaemolyticus (10) (—
MIC > 250 pg mL™Y)

Bacteria NI-H NI-Cbz NI-TPA
Gram-positive 1 — 16 £ 0.004 7.8 £ 0.003
2 — 7.8 £ 0.002 3.9 £ 0.001
3 J— J— J—
4 J— J— J—
5 — 2 £+ 0.001 3.9 £ 0.001
Gram-negative 6 — — —
7 J— J— J—
8 — 7.8 = 0.003 7.8 £ 0.002
9 J— J— J—
10 — — —

activity of both compounds against nearly all Gram-negative
bacteria, as evidenced in Table 2. However, they did exhibit
growth inhibition against S. typhimurium. It is worth noting that
the cell walls of Gram-positive and Gram-negative bacteria
exhibit distinct structural characteristics. Gram-positive
bacteria possess a multilayered composition of peptidoglycan
and teichoic acids within their cell walls. In contrast, Gram-
negative bacteria possess a relatively thinner cell wall
comprising a limited number of peptidoglycan layers, which is
further enveloped by an outer lipid membrane consisting of
lipopolysaccharides and lipoproteins. Consequently, the
susceptibility of different compounds toward Gram-positive
and Gram-negative bacteria may vary due to these structural
disparities.*>*°

In summary, NI-TPA demonstrated the strongest growth
inhibition against S. aureus and MRSA, with MIC values of
approximately 3.9 ug mL™' and 7.8 ug mL ™", respectively. In
addition, NI-Cbz exhibited the highest antibacterial activity
against L. monocytogenes, with a MIC value of approximately 2
pg mL~'. Both NI-Cbz and NI-TPA exhibited similar antibacte-
rial activity against S. typhimurium, with a MIC value of
approximately 7.8 pg mL ™. These MIC values show a low range
in the comparison with those reported in the existing literature
for imidazolium salts.***7?%% Hence, NI-Cbz and NI-TPA
possess the potential to serve as promising therapeutic agents
for the treatment of various infections, including drug-resistant
bacterial strains.

Anticancer activity test

The antibacterial properties of NI-Cbz and NI-TPA compounds
have demonstrated efficacy against both Gram-positive and
Gram-negative bacterial strains, which has inspired us to
investigate their cytotoxic effects on four distinct cancer cell
lines: MCF7, A549, HepG2, and HeLa. Our initial analysis
revealed that the NI-H control structure displayed anticancer
activity, with an ICs, range of 9.03-18.40 ug mL'. Subse-
quently, the introduction of a carbazolyl phenyl group in NI-Cbz
resulted in enhanced cytotoxicity towards MCF7 and HepG2
cells, with ICs, values of 1.76 and 1.45 pg L, respectively.
However, NI-Cbz exhibited low cytotoxicity towards HeLa cells

RSC Adv, 2023, 13, 36430-36438 | 36433
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Table 3 ICso (ng mL™Y of NI-R salts

NI-H NI-Cbz NI-TPA Ellipticine
MCF7 18.40 £ 0.77 1.76 &+ 0.07 0.67 £ 0.03 0.39 £ 0.02
A549 6.92 £ 0.42 >100 1.07 + 0.08 0.46 £ 0.03
HepG2 9.38 £ 0.43 1.45 + 0.12 0.31 £+ 0.03 0.35 £ 0.01
HeLa 9.03 £ 0.37 36.11 + 0.73 2.01 £ 0.15 0.44 £+ 0.03

(ICs0 = 36.11 pg mL ™~ ") and negligible cytotoxicity towards A549
cells (IC5o > 100 pg mL ™).

Significantly, the incorporation of the triphenylamine moiety
into NI-H results in the generation of the NI-TPA product,
manifesting pronounced improvements in cytotoxic efficacy
against a spectrum of four distinct cancer cell lines, with ICs,
values ranging from 0.31 to 2.01 pug mL ', Notably, the ICs,
value of NI-TPA was the lowest among the three products tested.
The IC5, of NI-TPA against HepG2 cells was lowest among four
cancer cell lines (Table 3). These findings underscore the
potential application of NI-TPA as an effective anticancer drug.
Given the promising cytotoxicity of NI-TPA, we further investi-
gated the interaction mechanism between NI-TPA and HepG2
cells using MD simulations. This computational approach will
provide valuable insights into the molecular-level interactions
between NI-TPA and cancer cells, elucidating the underlying
mechanisms of its potent anticancer activity.

Molecular docking and dynamics analysis

The geometric structure of NI-R was optimized utilizing Density
Functional Theory (DFT) calculations at the B3LYP/6-31+G(d,p)
level of theory within the Gaussian 16 program. The architec-
tural arrangements of NI-R structures exhibited a consistent
configuration within the naphthoimidazolium core. Notably,

a) b)

LYs MET
A:1110 A1211
ARG
A:1227
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both NI-Cbz and NI-TPA displayed highly identical rotation
angles between donor groups and the naphthoimidazolium
core, as depicted in Fig. S3.7 Consequently, the introduction of
electron-donating groups was observed to enhance the anti-
bacterial and anticancer activities of the compounds. Further-
more, it was observed that the diphenyl amino group exhibited
a greater affinity towards cancer cells in comparison to the
carbazole group. To gain a more profound insight into the
mechanisms underlying the action of NI-R structures, molec-
ular docking simulations were conducted. These simulations
aimed to elucidate the potential anticancer properties of NI-R
salts the protein c-Met kinase,*"**> which is one of the pathways
in human cancer that is dysregulated most commonly. Tumor
angiogenesis, metastasis, and tumor cell proliferation, survival,
migration, and invasion are all facilitated by an active c-Met
signaling system.” Inhibiting c-Met kinase can help control
the growth of many human malignancies, making c-Met kinase
inhibitors a valuable approach in cancer therapy.** Conse-
quently, c-Met has drawn a lot of interest as a possible target for
therapeutic intervention in oncology.

Initially, the co-crystallized ARQ 197 ligand was re-docked
into the catalytic domain of c-Met kinase using AutoDock
Vina v1.2.0 (ref. 55) to validate the docking protocol. The results
of the ARQ 197 ligand redocking revealed a RMSD value of 0.362
A, indicating a precise co-crystallized ligand's binding confor-
mation prediction. After that, NI-H, NI-Cbz, and NI-TPA were
docked into the binding pocket of the c-Met kinase protein.
Interestingly, the docking results of these compounds exhibited
favorable affinities towards the c-Met kinase protein, as
demonstrated by their high binding energies of —8.646,
—10.490, and —11.03 kcal mol " for NI-H, NI-Cbz, and NI-TPA,
respectively. The evaluation of NI-H compounds' interaction
capabilities with the active site of c-Met kinase revealed the
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Fig. 5 2D diagrams of the interactions between the (a) NI-H, (b) NI-Cbz, (c) NI-TPA, (d) erlotinib and residues in the c-Met kinase receptor.
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Binding energies and interactions of the protein c-Met kinase-ligand complex

Binding energy (kcal mol ") Type of interaction

Amino acid residues

NI-H —8.646 Pi-alkyl and alkyl
Pi-pi stacked
Pi-alkyl

Pi-pi stacked
Pi-sigma
Pi-anion

Pi-alkyl

Pi-pi T-shaped
Pi-ion

Pi-sulfur

Pi-alkyl and alkyl
Pi-sigma

Pi-pi T-shaped
Hydrogen bond

NI-Cbz —10.49

NI-TPA

—11.03

ARQ 197 —13.24

b)

045

——NiI-H
——NiI-Cbz
——NI-TPA
——ARQ 197,

RMSD (nm)
RMSD (nm)

Arg1227, Lys1110, Met1211, Ala1226, Val1092, Ala1108
Phe1089, Phe1223

Lys1110, Ala1226, Leu1157, Met1211, Ala1108
Phe1089

Val1092

Asp1164

Ala1108, Ile1084, Arg1208

Tyri234

Arg1227, Asp1164

Met1211

Ala1108, Leu1157, Ala1226, Lys1110, Arg1227, Phe1089, Met1211
Val1092, 1le1084

Phe1223

Pro1158, Met1160

f(—— NI-H
——NI-Cbz
——NI-TPA
——ARQ 197,

Time (ns)

Fig. 6

formation of six pi-alkyl and alkyl interactions with Arg1227,
Lys1110, Met1211, Ala1226, Val1092, and Ala1108, along with
two pi-sigma interactions with Phe1089 and Phe1223 (Fig. 5
and Table 4). Meanwhile, NI-Cbz forms pi-alkyl, pi-pi T-shaped,
and pi-sigma interactions focused on a carbazole group with
amino acid residues, namely Lys1110, Ala1226, Leull57,
Met1211, Ala1108 (pi-alkyl interactions), Phe1089 (pi-pi T-
shaped interaction) and Val1092 (pi-sigma interaction).
Regarding NI-TPA, this compound formed pi-alkyl, pi-sulfur,
pi-pi T-shaped, and pi-ion interactions. Namely, it engages in
pi-alkyl interaction with residues Ala1108, Ile1084, Arg1208, pi-
sulfur interaction with residue Met1211 and pi-ion interaction
with Arg1227 and Asp1164 (Fig. 5). The results on binding
energies and interactions between ligands and c-Met kinase
protein show that NI-TPA ligand binds better with c-Met kinase
protein. These findings are consistent with the in vitro experi-
mental results, where NI-TPA exhibits the lowest ICs, compared
to NI-H and NI-Cbz (Table 3).

To further evaluate the stability of the complexes, the RMSD
and R, were calculated for all the saved structures during the
MD simulation, and the changes in these factors were measured
and are illustrated in Fig. 6. The RMSD of the c-Met kinase
protein remains below 3 A throughout the simulation, indi-
cating its stable structure. The average RMSD values of the c-
Met kinase protein in complex with NI-H, NI-Cbz, NI-TPA, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

40 60 80 100
Time (ns)
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(a) RMSD of the backbone protein, (b) RMSD of the ligand, and (c) Ry analysis for the MD simulations.

ARQ 197 are 0.280, 0.271, 0.258, and 0.261 nm, respectively
while the average RMSD values of NI-H, NI-Cbz, NI-TPA, and
ARQ 197 in complex with c-Met kinase protein is 0.029, 0.076,
0.074, and 0.037 nm, respectively. All the results are below 0.3
nm® indicate the stability of NI-H, NI-Cbz, NI-TPA, and ARQ 197
in the active site of the c-Met kinase protein during the simu-
lation. The R, was used to assess the compactness of the protein
during the simulation. The R, values of the c-Met kinase protein
in all complexes fall within a narrow range of 1.90-2.02 nm and
do not show any abnormal changes during the simulation. The
average R, values of c-Met kinase protein is 2.044, 2.053, 2.030,
and 2.041 nm in the complexes with the c-Met kinase protein
bound to NI-H, NI-Cbz, NI-TPA, and ARQ 197. The RMSD and R,
results indicate that throughout the simulation, ligands stably
bound and didn't leave the active site of the target protein and
the whole system was in a relaxed conformation.®”

Conclusion

We synthesized a hydrophilic naphthoimidazolium salt (NI-H)
and its derivatives, namely NI-Cbz and NI-TPA, by incorporating
donor groups. The introduction of these donor groups resulted
in redshifts of both the UV-Vis absorption and fluorescence
emission peaks along with TP absorption cross-section from NI-
H to NI-Cbz and further to NI-TPA. Importantly, NI-TPA
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demonstrated fluorescence emission and lysosome localization
after incubation with HeLa cells, indicating its potential as
a promising agent for fluorescence bioimaging applications.
Furthermore, NI-Cbz and NI-TPA exhibited the antibacterial
activity against three Gram-positive bacteria (L. monocytogenes,
S. aureus, and MRSA) and one Gram-negative bacterium (S.
typhimurium). Notably, NI-Cbz showed MIC of 2 pg mL ™’
against L. monocytogenes, while NI-TPA displayed the lowest
MIC (3.9 ug mL ™) against both L. monocytogenes and S. aureus.
These findings underscore the potential of these naph-
thoimidazolium derivatives as antibacterial agents, particularly
NI-TPA. Additionally, we investigated the cytotoxicity of NI-H,
NI-Cbz, and NI-TPA against four different cancer cell lines
(MCF7, A549, HepG2, and HeLa). Among these structures, NI-
TPA demonstrated the highest cytotoxicity, with ICs, values
ranging from 0.67-2.01 ug mL ", further highlighting its potent
anticancer activity. Molecular interactions between NI-R salts
and c-Met kinase protein in cancer cells were also explored by
docking and MD simulation, shedding light on the underlying
mechanisms of their anticancer properties. In conclusion, the
incorporation of donor groups, particularly the triphenylamine
group, into the naphthoimidazolium salt led to enhanced one-
photon absorption, emission wavelengths and TP absorption
cross section, as well as improved antibacterial and anticancer
activities. This study presents a novel design of imidazolium
salts with promising potential for phototheranostic applica-
tions in cancer treatment and bacterial infections.

Experimental
Synthetic process

NI-R was synthesized using a three-step process starting from
2,3-diaminonaphthalene as the initial material. Previously re-
ported procedures were employed to prepare NI-H and NI-Cbz.*”
The synthesis of NI-TPA is detailed below.

Synthesis of 1-TPA. In a 30 mL solution of dimethylforma-
mide (DMF), 2,3-diaminonaphthalene (1.0 mmol) and 4-
(diphenylamino)benzaldehyde (1.1 equivalent) were stirred
together in the presence of acetic acid (0.1 mL) at 90 °C for 8
hours. Subsequently, the reaction mixture was transferred to
50 mL of deionized water. The organic crude product was
collected by extracting the mixture three times with 100 mL of
methylene chloride (MC). After drying the organic phase with
anhydrous Na,SO,, the solvent was removed by evaporation,
yielding a crude product. The purification of the crude product
was achieved through column chromatography using a mixture
of MC and methanol (MeOH) in a ratio of 98:2 as the eluent,
resulting in the isolation of a white powder of the desired
product (yield 45%). "H NMR (400 MHz, chloroform-d) 6 8.81 (s,
2H), 8.07 (ddd, J = 8.4, 6.8, 1.5 Hz, 4H), 7.70 (ddd, J = 8.4, 6.6,
1.6 Hz, 2H), 7.67-7.58 (m, 8H), 7.21-7.14 (m, 4H).

Synthesis of 2-TPA. To a 20 mL solution of DMF, a mixture of
1-TPA (1.0 mmol) and iodomethane (2.0 equivalent) was stirred
at 0 °C for 15 minutes. Sodium hydride (NaH) (0. equivalent)
was then added to the mixture, and stirring was continued at
room temperature for 18 hours. The reaction mixture was dis-
solved in 20 mL of DW and extracted with 100 mL of MC three
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times. The organic phase was dried with anhydrous Na,SO, and
concentrated by evaporation. Purification of the crude product
was accomplished by column chromatography using a mixture
of MC and MeOH (98 : 2) as the eluent, leading to the isolation
of a white powder of the desired product (yield 50%). "H NMR
(400 MHz, chloroform-d) ¢ 8.23 (d,J = 1.1 Hz, 1H), 8.03-7.96 (m,
1H), 7.96-7.90 (m, 1H), 7.73-7.66 (m, 3H), 7.45-7.35 (m, 2H),
7.35-7.26 (m, 4H), 7.21-7.14 (m, 6H), 7.14-7.05 (m, 2H), 3.93 (s,
3H).

Synthesis of NI-TPA. A mixture of 2-TPA (1.0 mmol) and
iodomethane (1.5 equivalent) was refluxed in 20 mL of aceto-
nitrile for 24 hours. The reaction mixture was then allowed to
cool to room temperature, concentrated by evaporation, and
dissolved in 2 mL of MeOH. Next, 50 mL of hexane was added to
the mixture. The resulting precipitate was isolated through
filtration and subsequently washed with 200 mL of hexane,
yielding a white powder as desired product (yield 85%): "H NMR
(400 MHz, DMSO-d,) 6 8.65 (s, 2H), 8.22 (dt, ] = 6.6, 3.3 Hz, 2H),
7.81-7.73 (m, 2H), 7.68 (dt, J = 6.5, 3.2 Hz, 2H), 7.52-7.43 (m,
4H), 7.34-7.24 (m, 6H), 7.10-7.02 (m, 2H), 4.01 (s, 6H); *C NMR
(101 MHz, DMSO-dg) 6 155.01, 151.96, 145.91, 132.93, 131.77,
131.58, 130.73, 128.77, 127.08, 126.98, 126.27, 118.63, 110.78,
33.66; ESI HRMS m/z = 440.2125 [M], calc. for C3HygN; =
440.21.

Antibacterial activity tests

We aimed to assess the antibacterial properties of NP-R against
a panel of diverse bacterial strains, encompassing both Gram-
positive and Gram-negative bacteria. The Gram-positive
strains that were investigated included Methicillin Resistant
Staphylococcus aureus (MRSA), Staphylococcus aureus (S. aureus),
Bacillus subtilis (B. subtilis), Enterococcus faecalis (E. faecalis),
and Listeria monocytogenes (L. monocytogenes). The Gram-
negative strains tested in this study comprised Extended Spec-
trum Beta-Lactamase (ESBL), Escherichia coli (E. coli), Salmo-
nella typhimurium (S. typhimurium), Klebsiella pneumoniae (K.
pneumoniae), and Vibrio parahaemolyticus (V. parahaemolyticus).
To assess the effectiveness of NP-R against these bacterial
strains, we determined the Minimal Inhibitory Concentration
(MIC) following protocol outlined in our previous report.>

Anticancer activity tests

The investigation into anticancer activity was conducted at the
Institute of Biological Technology, Vietham Academy of Science
and Technology. This study aimed to evaluate the in vitro cyto-
toxicity of the NP-R series on four different cancer cell lines:
MCF7 (human breast carcinoma), A549 (hepatocellular carci-
noma), HepG2 (human liver carcinoma) and HeLa (human
cervical carcinoma). The determination of the half maximal
inhibitory concentration (ICso) and the subsequent detailed cell
experiments performed following our

publication.*®

were previous

Molecular dynamic simulation

The anticancer potential of NI-R salts was subjected to further
screening for molecular docking analysis to examine their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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binding modes and suppression against the human mesen-
chymal-epithelial transition factor (c-Met) protein (PDB ID
3RHK).” The crystal structure of the c-Met kinase protein co-
crystallized with ARQ 197 (ref. 60) ligand was downloaded
from the RCSB Protein Data Bank (https://www.rcsb.org/
structure/3RHK). Using PyMOL v2.5 software,” water
molecules, and ARQ 197 ligand were eliminated from the c-
Met macromolecule. Hydrogen atoms in the protein structure
were added, and Kollman charges were calculated using
AutoDockTools (ADT). To prepare the input for docking
simulations, the PDB structure file was converted to PDBQT
format. A grid box of dimensions 24 x 24 x 24 A® was gener-
ated around the active site of the c-Met kinase protein with
a spacing of 1 A, assisted by ADT. The center of the grid box was
set at the center of the c-Met kinase-Erlotinib complex. During
the docking process, the c-Met kinase protein was kept rigid,
while NI-H, NI-Cbz, and NI-TPA were set to be flexible. ADT and
the AutoDock Vina v1.2.0 package were utilized for the
molecular docking process.® To evaluate the binding energies
of the inhibitory complexes produced by NI-H, NI-Cbz, and NI-
TPA with the c-Met kinase and to study their interaction
potential, the output findings were examined using Discovery
Studio Visualizer software. These complexes were then further
characterized by molecular dynamics (MD). GROMACS v2022.5
package was used to simulate the molecular dynamics of the
protein-ligand complexes.®® The force field for proteins was
chosen to be the AMBER-f99SB-ILDN forcefield, and the
Swissparam server created the ligand topologies.® TIP3P water
molecules were used in a rectangular box to dissolve all of the
compounds.®® The necessary quantity of Na" and Cl~ ions was
introduced, together with salt concentrations of 0.15 mol L™"
in each system, to make the simulation system electrically
neutral. All the solvated systems underwent 50 000 steps of
energy minimization using the steepest descent method. The
production run, NVT, and NPT equilibrations were then per-
formed in the MD simulation. These equilibrations were
carried out for a total of 300 ps at a temperature of 300 K and
a pressure of 1 atm. In the simulation, the V-rescale thermostat
and the C-rescale barostat were chosen. Finally, an MD simu-
lation run of 100 ns was carried out. After that, a comparison
analysis was done to evaluate the stability of the complexes by
measuring the root mean square deviation (RMSD) and the
radius of gyration (Rg).
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